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CHAPTER I

INTRODUCTION

I-I. Statement of the Objectives

In the analysis of nonlinear systems, two main classes of solutions are

generally sought: 1) transient, and 2) steady state. The basic goal of this

investigation is to obtain the sinusoidal steady-state solution of nonlinear

circuits via the Volterra series method [1-141.

The most commonly used present-day approach for analyzing nonlinear

systems is numerical integration [20]. The nonlinear differential equations

are integrated from some initial time, to, to some final time, tf. When the

sinusoidal steady-state response is sought, the value of tf chosen is usual-

ly large to insure that all transients have been eliminated. A subsequent

fast Fourier analysis yields the frequency components of the output

response. A more efficient method for obtaining the sinusoidal steady-state

response is to pose the analysis problem as a two-point boundary value prob-

lem and then apply Newton's method [203. This approach, however, allows for

only single frequency inputs.

The problems involved in the numerical integration method are well

known [20. These problems notwithstanding, there are other inefficiencies.

When one is solely interested in the steady-state response, the computation

expended in reaching tf is a waste. This inefficiency grows as the poles of

the linearized system move close to the imaginary axis, as is often the case

in many quasi-linear communication circuits.

Other methods such as the harmonic balance or the describing function

method are seldom used, simply because the assumption behind these methods

render them undependable. The Picard iteration method [141 is often used in

nonlinear systems analysis. This method also has limitations when used for

1%. . .. . • / . ,



computer-aided analysis, particularly when multi-tone inputs are present.

The fundamental intent behind this report is to examine the computa-

tional aspect of the Volterra series when used for the steady-state analysis

of circuits with multiple nonlinearities and multiple multi-tone input

sources. A basic algorithm for adapting this method for computer-aided

analysis is developed. Its implementation as a digital computer program,

eotitled PRANC (Program for Analyzing Nonlinear Circuits), is also included

in this report.

1-2. Organization of the Report

After this introductory chapter, this report contains the following

five chapters.

Chapter 2, entitled "Volterra Series Method", discusses the analysis

method which forms the basis of this investigation. A systematic approach

for system characterization in the transform domain is developed. The

determination of the sinusoidal steady-state response for multi-tone inputs

from the system characterization is also developed.

Chapter 3 considers the computational aspect of the Volterra series

method. An algorithm, which uses semi-symbolic analysis [201, is developed

for the efficient implementation of this method on a digital computer. An

overview of PRANC is also presented in this chapter.

Chapter 4 provides the User's guide for PRANC. Several examples to il-

lustrate the use of this program are included here.

Chapter 5 contains the Programmer's guide for PRANC. Each sub-program

Listing, together with its functions, is documented in this chapter.

Finally, Chapter 6 is reserved for some concluding remarks.
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CHAPTER 2

VOLTERRA SERIES METHOD

2-1. Introduction

Nonlinear systems that admit a Volterra series description are com-

pletely characterized by their nonlinear impulse response functions or the

generalized transfer functions, which are the multi-dimensional transforms

of the nonlinear impulse response functions. Thus, any analysis of non-

linear systems via the Volterra series method will entail the determination

of either one of these functions.

The method for determining the generalized transfer functions given in

[13) will be presented here. This method relies on the application of

multi-dimensional transforms to a set of differential equations. In section

2-2 the multi-dimensional transform theory is introduced, along with the ap-

plication of the theory to specific examples which will be subsequently used

in deriving the generalized transfer functions. In section 2-3 the general-

ized transfer functions for an r-th order scalar nonlinear differential

equation are obtained. Section 2-4 is devoted to the determination of the

nonlinear transfer functions of a general multiple-node, multiple-

nonlinearity circuit with a single input. The case of multiple input

sources is treated in section 2-5. Section 2-6 shows the relationship

between the terms in the sinusoidal steady-state response and the general-

ized transfer functions.

2-2. Multi-dimensional Transforms

The Laplace transform pair of a one-dimensional function, f(t), is:

3



F(S) = ffote-st dt (2-1)

and

f (t) = (2i F(s)est dls (2-2)
0-

For a multi-variable function, f(t1 .t 21" ~*t n), the corresponding multi-

dimensionaL transform 115] is:

F(s1,s 2"''
5' S n J ftt21..tn)x(sl- sntn dti ..dt n (2-3)

and

f ~1 nf F(s,,sn')exp(st1+**+st)dsi1- ds n (2-4)

f(t1 , , tn) F~s1,... 'n~ (2-5)

Before proceeding further, we make the foLLowing notational definitions:

F(s ls 2,.. 'n~ P Ef(t 1,t 21...,tn)] (2-6)

and

f(ti 112p***tn) [. F(s1,s 2 '..s 'n ) (2-7)

Whether we use Fourier transform or Laplace transform in eqns. (2-3)

and (2-4) dlepends on the contours of integration and values of s 1IS2' . I

The importance of the region of convergence when dlealing with unstable and

non-causal Linear systems is well known. Here we assume that the systems

under consideration are causal; that is, the VoLterra kernels



hn tl~t2,...tn = 0, for t0,t2,...,tn  0. ALso, in general, we are con-

cerned with functions (or generalized functions) whose region of convergence

includes the imaginary axis in each variable, so that the Fourier transform

is included in our definitions.

It should also be noted that most of the properties of the one-

dimensional transform (linear case) carry over to the multi-dimensional

case. The validity of this statement can be checked elsewhere [5].

It is often desirable to express the multi-variable function,

f(tlt 2,...,tn), as a simple function of time, f(t), and vice versa. If all

ti's are restricted to be identical so that t = t = t = = t , then

f(tlt 2,. .,tn ) becomes f(t). Thus, in the two variable case, f(t) can be

obtained from f(tlt 2) by evaluating f(tlt 2 ) along the 450 line tI = t2.

Similarly, if we plot f(tl,t 2,t3 ) in a three-dimensional space, then, to ob-

tain f(t), we are only interested in f(tlt 2,t3 ) along the line

t = t2 = t3. The idea of converting a nonlinear function of one variable t

into a product of linear multi-variable functions will be used repeatedly in

the sequel. One must, however, bear in mind that the ultimate goal is to

obtain the solution of the differential equation as a function of time, t,

and that the introduction of tl,t 2, etc. are merely for mathematical manipu-

lations.

We now apply multi-dimensional transforms to some specific cases which

will be subsequently used in sections (2-3) and (2-4).

2-2.1 Volterra Series: The Volterra series relates the system input x(t) to

the system output y(t) as follows*:

*Unless otherwise stated, all limits of integration are between 0 and

in our discussion here. 5
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y Mt) f hn Cri,...,Tn) fl X(t-T .)dr.
n1l n-fold i=1

= y (t) (2-8)
n1l

where

n
Yn (t) fJ. f hnCTip" .. ,Tn) Hl X(t-T .)dT. (2-9)

n-fold i=1

Introducing dummy variables t lft2 P* .tn in eqn. (2-9) we can write yn, t)

as:

Cnt) Yn(tlt2p..tn)t =t t..t

n=f* f hn (Tip...iTn) Hl X(t.-t.)d~. (2-10)
n-fold 1=1

Taking the n-dlimensional transforms of eqn. (2-10), we get:

Y n(si,.. 'sn) tyn(tilp--.,tn)]

n-odh CTlT ... * r X(tirT.)e clTrdt. (2-11)

Defining t n-Tn = an, tn.1-!n-1 = On1pptY 01, and therefore:

tn =an+Tn, tn-1 = "n1+ -1 . t = 01+-ri,

dn = dtnp don-1i dtn-li-..dal = dtl. Substituting these quantities in

eqn. (2-11) and performing the 2n-foLd integrations with respect to T . and



oi, gives

n

Yn (SSlSn) H X(s.) (2-12)n i=In n " 'n I X !

where Hn (s,...,sn) and X(s i) are the transforms of hn(tl't2,... tn) and

x(t i ) respectively. Therefore the transform domain description of eqn.

(2-8) becomes:

® n

Y(sls 2 ,..., = n Hn(Sl'...'s n ) n X(s i ) (2-13)
n=1 i=1

If the input x(t) is a delta function, then eqns. (2-12) and (2-13) reduce,

respectively, to:

Y (sl,...,s n ) H (s 1,s 2,...,Sn) (2-14)

and

Y(s 1,...,sn) = H 1(S ,...,s n ) (2-15)
n=1

Equations (2-12) through (2-14) will be us-e repeatedly in section (2-3).

2-2.2 Nonlinear Terms. The characteristics of nonlinear elements encoun-

tered in many nonlinear dynamical systems can be represented over any finite

range by a polynomial. This gives rise to nonlinear differential equations

with polynomiaL type nonlinear terms. When such elements are used in a sys-

tem, the equilibrium equations contain integrals and derivatives of the po-

lynomials. We can apply multi-dimensional transforms to these nonlinear

terms by first converting an nth power to an n-fold product of terms with

different domains. More detail on these derivatives is given in [131.



yfl(t) Term: Consider an n-dlimensional time space with variablesti

i=1,2, .. .n. From the single variable function y~t) define an n-variable
n

functional y(t1, 2 . 1tn IIy(t) Then

Y n(t) = Ytlt 21.*A n ~ v t. = t (2-16)

and

Y(s ,--. *.s ) = Y(s. (2-17)
1 n i=1

d- y2(t) Term:

d nCt) - cl (-8
-d T TF ~t 11... tn t = =t =t'2-8

1= 2 n

*s S .. s )Y(s ) .. Y(sn) (2-19)

f n~~d Term:

f n (M)lt f YnT-'2t ., - (2-20)

Letting Ti - t = tip and taking the transform of eqn. (2-20). we get

Y~ /(ys+**s (2-21)

-. Mai



, nn
= s + n Y(si) (2-22)St+s2+... n i=1

The general forms in eqns. (2-12), (2-19) and (2-27) will be used in sec-

tions (2-3) and (2-4). The salient feature in each of these equations is

how an nth degree polynomiaL function in the time-domain is represented by

the nth-order product of the transform of the function in the transform

domain. It is this product structure which, analogous to the case of linear

system analysis, makes the analysis of nonlinear systems easier via the

transform-domain approach.

2-3. A Nonlinear Differential Equation:

In this section, we present a method, based on applying the multi-

dimensional transforms to nonlinear differential equations, to determine the

response of a nonlinear system with a functional power series type of non-

Linearity. The nonlinear differential equation considered is the following:

N
Llty(t)] + L2[ anyn(t)] = x(t) (2-23)

1 2 n=2n

where x(t) and y(t) are system input and output, respectively, L1  is a

linear differential operator:

R r

Llt. = [--]J (2-24)
r=Odtr

and L is f, or a constant, or a sum of these operators. It should be

noted that the linear operator, L2 , operates on a polynomial function of

y(t).

9
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We now present an approach whereby the nonlinear differential equation

(2-23) is soLved by a bootstrapping operation by first dissolving it into a

set of linear differential equations with nonlinear inputs. Multidimension-

al transforms are then applied to these new equations to obtain the Volterra

series solution.

There are many different methods of rendering a nonlinear differential

equation into a sequence of linear differential equations involving succes-

sively higher order outputs with known nonlinear input terms. We use the

approach outlined in [12].

Assume that the input in eqn. (2-23) is of the form

x(t) = Ev(t) (2-25)

The dummy variable c helps to keep track of the order of the terms: a term

with coefficient cn signifies an nth order term. This can be seen easily by

substituting eqn. (2-25) in eqn. (2-9), which yields:

n
Yn(t) = n n v(t-Ti)dTi (2-26)

n-foldi1

Let us assume that r(t) is the response to the input v(t) in eqn (2-23).

Then, according to the Volterra series expansion, as per eqn. (2-8) and

(2-9), the n-th order response is:

n
r n t) f h. nJ ('r T V(t-T.)dT. 2-?

n nfold i

Comparing (2-27) and (2-26), we obtain the following relationships:

10
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Yn(t) = £nrn(t) (2-28)

and therefore, as per eqn. (2-8),

y(t) = nYn(t) = nrn(t) (2-29)
n1l n1l

We now have two differential equations which relate r(t) and v(t). First,

equation (2-23) can be re-written as:

N n
L1[r(t)] + L2 CEanrn (t) = v(t) (2-30)

n=2

Second, after substituting eqn. (2-29) into (2-23), we get:

0 N 0

L ] nr (t)) + L (a ( = ev(t) (2-31)
1 n2 3n 2  n t))3) vtn=1 = ~

Thus in order to solve eqn. (2-23), we can solve eqn. (2-31) for r t), n =
n

1,2,... and substitute in eqn. (2-29) to solve for y(t) after setting C = 1.

Setting E = I implies that x(t) = v(t), and therefore y(t) = r(t) = Frn(t).
n

The introduction of c is a mathematicaL artifice which helps to equate coef-

ficients of Cn on both sides of eqn. (2-31), thereby yielding linear dif-

ferential equations (involving successively higher order outputs) with non-

Linear inputs.

To soLve for rl(t), the linear system response, we equate coefficients

of CI on both sides of eqn. (2-31), thus yielding the following equation:

L1Cr1(t) = v(t) (2-32)

Similarly we equate coefficients of C2, C3, 14, C5, and so on, on both sides

of eqn. (2-31) to obtain the following equations:11

* **** .i*



L Er (t0] + L [a 2 (t)] -0 (2-33)

L Er (t) + L 12a r (tr (t) + a r 3 (0)) 0 (2-34)1 3 22 1 2 3 1

L Er (01J + L. Ca (?r (t ( +r 2 M +3ar2 W
1 4 2 2 1 3(t r2st + 3 1l 2r(

+ a r 4Ct01 = 0 (2-35)

LEr (t)] + L [2a r1 (tOr (t) + a (3r (tWr (t) +15 2 21 4 3 1 3

+ r(~ 2  3 5
+ r1 (r 2 (t)) + 4a 4 r1 Mtr 2 (t + a 5r 1(t0) 0 (2-36)

To solve for the generalized transfer functions of eqn. (2-30), we take the

1-dlimensional transform of eqn. (2-32) and obtain:

L1(s 1 )R 1(s 1 V(S 1  (2-37)

If v(t) = a(t), then V(s) 1, and therefore, according to eqn. (2-14), we

have

R1( 1  1 ~~i (2-38)1(51 = H~sl) L (s1 )

To solve for the second-order transfer functions, H 2(sls 2). we extend the

second term of eqn. (2-33) to a two dlimensional domain. Since the physical

system is not defined when t, 1 t2 we can assume that the extension of eqn.

(2-33) holds for all t 1 and t 2' Transforming via eqn. (2-17) gives

)2



LI(Sl+S2)R2(SlS 2 ) + a2 L2 (sl+s 2 )Rl(sl)R 1 (s2 ) = 0 (2-39)

Using (2-14) and (2-38) in eqn. (2-39), we obtain

a 2 L2 (s1+s2H 1 s(S,)H, (s 2 )
2(SH 2 (SS 2 ) =- L1 (s1+s2) (2-40)

For R and higher terms we find that the order of variables tl" t2 " t3

seems important. Physically this should not be. We can symmetrize by

averaging. That is, we sum each of the nth order transfer function over all

permutations of its arguments and divide by the number of components in the

sum. We use an overbar to represent the symmetrized function.

Ll(s1 +s2+s3 )R3 (sls 2,S3 ) + L2 (s1+s2 )[2a 2 R1 (s1 )R2 (s2,s3)

+ a3 R1 (sl)Rl(S2 )Rl(S 3 )] = 0 (2-41)

Again, using eqns. (2-38), (2-40), and (2-14), we get

R3 (sl,s 2 ,s3 ) = H3 (sls 2 ,s3) - L2 (s1+s2 +s3 )[2a 2H1 (s1 )H2 (s2,s3 )

+ a3 H1 (sl)H 1 (s2 )Hl(s 3 )]/Ll(s1 +s2+s3 ) (2-42)

In a similar manner, we can derive by inspection:

4
H4 (SIS 2,S3,S4) = - L2 (_ si)[a 2 (2H1(sI)H 3 (s2,s3 ,s4)

+ H2 (sls 2)H2 (s3,s4 )) + 3a3 Hl(Sl)Hl(s 2)H2 (s3 ,s4 )

13



4 4
+ a 4  =1 H1 (si ))]/Ll(_ s i ) (2-43)

and

5

H5 (sls 2,S3,s4 ,S5) -L2 (= si)12a2 Hl(s1)H 4 (s2,s3,s4 ,s5)

+ 3aa3 (H1 (S1 )Hl(s 2 )H3 (s3,s4 ,s5 ) 

+ H.(s 1)H2 (s2,s3 ))H2 (s4 ,s5)

_ _ _ _ _ _-5 5
+ 4a4 H1 (s )H1 (s)H 1 (s 3 )H 2 (s 4 s5 ) + a. i=H 1 (s )l/L 1 ( -1si)(2-44)

41= 1 1 ? 1 5 2

The use of symmetric transfer functions is not merely for notational

convenience, but is necessitated by the method we use for introducing the

parameters tl,t 2,..., before taking the transforms. Consider a third order

term v3 (t) formed as the product of a first order term v1 (t) and a second

order v2 (t). On the three dimensional (tl1 t2 ,t3 ) we could write

v3 (tl,t 2 ,t 3) as v 1 (tI)v 2 (t 2 ,tA), v 1 (t 2 )v 2 (tl,t 3 ), or v 1 (t 3 )v 2 (tl,t 2 ). The

first term has transform: Vl(s,)V?(s 2 ,s3); the second term has:

V1 (s2) V2 (Sl,S,) ; and the third has transform: VI(s 3 )V2 (slS 2 ). When V2 (*,')

is not symmetrical in its irguments, each transformed quantity above will

yield a different value. Thus, it becomes necessary to use symmetric

transfer functions wnen performinq numerical computations to obtain the sys-

tem response. It can be shown that the response is unchanged when sym-

metrized transfer functions are used. Since, in the final analysis we want

the value of v3 (tl,t2,tl) only when t =t =t , we may write

14



v1(t)v2(t) = . [Vl(tl)v 2 (t2,t3) + v1 (t2)v2 (tlt 3) + v1 (t3)v2 (tlt 2)]. This

does not change the contribution due to v1 (t)v2 (t) in the system response.

In the remaining part of this report we will assume the generalized transfer

functions to be symmetric in their arguments.

To conclude this sub-section, we summarize the approach for obtaining

the generalized transfer functions of a nonlinear system and also comment on

the important ramification of the method. By introducing a dummy variable

in the nonlinear differential equation characterizing the system, a set of

differential equations of the following form was obtained:

Lrn (t) + f(n-_1 (t)) = 0, n = 2,3,... (2-45)

where L is the linear system operator and f(*) is a nonlinear function of

rnl(t), rn 2 (t),...,r1(t). rl(t) is the first-order response, which is

simply the response of the Linear system. The relationship in eqn. (2-45)

is clearly a recursive one, and can be used to solve for r n(t) in terms of

rnl(t), rn 2 (t), etc. This is done by first finding the n-dimensional

transform of f(rn_(t)) as discussed above. We then use the transform of

eqn. (2-44) to solve for R n(Sl ... ISn) the nth-order transfer function when

the input v(t) is an impulse. The transform of f(') is done by inspection

with the help of the results of section (2-2). The n-dimensional transform

of Lrn (t) is shown to be L(s1 +s2+...+s )R n(slS2...,Sn). With all this

information, eqn. (2-45) is easily solved for the generalized transfer.func-

tions.

2-4. Multiple-Node, Multiple-Nonlinearity Circuit Analysis

Many analysis and design problems in circuits and systems involve one

or at most a few nonlinear elements in an otherwise linear time-invariant

circuit or system. When a single nonlinear element is present, the dif-

15



ferential equation (2-23) and the material of section (2-2) will be adequate

for analyzing the nonlinear circuit. For, in such a case, the linear cir-

cuit can be characterized by a convolution kernel (via the Thevenin or Nor-

ton Theorems) to give the overall Volterra integral equation [141, which can

also be cast in a differential equation form, similar to eqn. (2-23).

However, when multiple nonlinear elements are imbedded in an otherwise

linear time-invariant circuit, the analysis entails the solution of a system

of nonlinear differential equations. The approach developed in section

(2-2) for the scalar case is still applicable, but must be extended to solve

the system of nonlinear differential equations.

The number of equations to be solved depends on the number and the type

of nonlinear elements considered. When only independent type nonlinear ele-

ments are considered, the number of equations is less than or equal to the

number of nonlinear elements (assuming that the output is across one of the

nonlinear elements; otherwise, an extra equation relating the nonlinear ele-

ment voltages (currents) and the output voltage (current) is needed to solve

for the output). The nonlinear differential equations in such a case is

again derived by obtaining the Thevenin (Norton) equivalent circuit (for the

linear part of the nonlinear circuit) at each of the ports at which the non-

linear elements are present. When dependent type nonlinear elements are

also allowed, the analysis becomes more complicated; for, in such a case,

the controlling variables, which may be across a linear element, must be

solved for and substituted in the differential equation for the nonlinear

element.

Previous works [7,10-123 for determining the generalized voltage ratio

transfer functions of lumped nonlinear circuits have applied the harmonic

input method, to the nodal analysis. Our discussion in this section for
16
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solving multiple-node, mwltiple-nonlinearity circuits will be centered

around the application of multi-dimensional transforms to a cutset type

analysis. Thus, we will be solving for the generalized voltage ratio

transfer functions. As we proceed with our discussion, it will become ap-

parent that a cutset analysis approach is the most natural way of solving

for the generalized voltage-ratio transfer functions. We now develop the

procedure.

The first step in the analysis is to represent each nonlinear element

by a polynomial expansion. Thus, in the distortion analysis of transistor

amplifiers [73, the exponential type controlled sources in the Ebers-Moll

model are first represented by a Taylor series expansion of the function

about the quiescent point, thereby yielding a polynomial in terms of the in-

cremental variables. The types of nonlinear elements, and their series

representation, that are commonly encountered are:

1. No memory, independent nonlinearity (Nonlinear Resistor)

i = F(v) = av 3  (2-46)
j=1 j

2. No memory, dependent nonlinearity

i = G(u,v) = a.kuJvk , ao 0 = 0 (2-47)
j=Ok=0 3

3. Capacitive, independent nonlinearity

17
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d4 (v) d ' (2-48)

4. Inductive, independent nonlinearity

i = vlt f a v dt (2-49)

where

i incremental current through the element

v incremental controlling voltage

u E incremental controlling voltage

The general procedure employed to solve for the nonlinear transfer

functions of a single-input, single-output nonlinear circuit using the

cutset analysis approach is illustrated in Fig. 2-1 by considering each of

the four nonlinear element types mentioned above.

Consider the nonlinear circuit N, shown in Fig. 2-1(a), containing a

nonlinear resistor, a nonlinear dependent source, a nonlinear capacitor, and

a nonlinear inductor, where each nonlinear element is voltage controlled.

The procedure begins by identifying all the nonlinear elements, as shown in

Fig. 2-1(b). We note that the four nonlinear elements depend on six vol-

tages. The next step is to lump the linear parts of the nonlinear elements

with the existing linear network to form the augmented linear network. The

square, cubic, quartic, etc. terms of the nonlinearity are treated as non-

linear current sources, indicated by in, meaning the nth order current

source at port k. Since the dependent source, g(v5,v6 ), depends on voltages

v5 and v6 , we also extract these as ports. Thus, altogether we end up with

an 8-port linear network, as shown in Fig. 2-1(c).

18
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The output variables to be found are the voLtages at these eight ports.

The augmented Linear network is denoted by N' in Fig. 2-1(c). To solve for

the voltage vector v = EvI v2 v3 ... v8], we immediately recognize that the

branches across these voltage variables must be selected as part of the tree

[20]. Clearly, some of the other branches in the augmented Linear network

may aLso appear as part of the tree. These will then appear as voLtage

variables in the cutset equations for the augmented linear network. Since

there is no need for these additional variables, we can reduce the dimen-

sionality of our equations by a systematic elimination of these unwanted

variables. In the case under consideration, we should be left with only the

vector v = 1v1 v2 ... v8 ] as the unknown vector. Each of these 8 ports will

have a set of transfer functions of order 1 to n associated with it. Our

task here is to solve for these transfer functions.

At this point, we make the following general notational definitions:

H(s1'

Hk(l,2,..s k 1= .. (2-5

Hk(SlS..---sk )

L~k 1' 2'-' k

where

H3 kth order nonlinear transfer function from the input to the jth port;
k

m= 8 in our example here.

21



V(t) = [v1 (t) v2 (t) ... Vm (t)]T (2-51)

where vi E voltage at the ith port

The cutset equations for the m-port nonlinear network can be written

as:

Y(p)v + F(v) + G(u,v) + pQ(v) + -1 (v)

IV /Z (p)][1 0 0 ... 0 ]T (2-52)

g g

where

d
p differential operator, d

Y(p) E Reduced admittance matrix for the p-port augmented linear network

F(v) vector composed of all nonlinear currents through the zero memory

independent nonlinearity

G(u,v) vector composed of all nonlinear currents through the zero memory

dependent nonlinearities

Q(v) vector composed of all nonlinear currents through the nonlinear

capacitive nonlinearities

*(v) vector composed of all nonlinear currents through the nonlinear

inductive elements.

z g (p) E source impedance

Since the linear parts of the functions F(*), G('), Q(*), and t(*) in eqn.

(2-46) through (2-49) have been lumped together with the linear part of the

network, the general form of these functions will be as follows:

22
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Zv) ~~-L 2(v + ~3( V) + () ..- +2-5L)

where

Z2 (v) is a quadratic function of v

Z3 (v) is a cubic function of v

Z4 (v) is a quartic function of v
4h

Z(') being Fl'), GO), Q('), or '). Thus, eqn. (2-53) can be re-written

as:

Vg (t)

0

0
Y(p) "I - i Ct) , k > 2 (2-54)

z (p) -

0

where k(t) denotes vectors of 2nd and higher order current sources due to

F(v), G(u,v), pQ(v), and 14(v). The mathematical artifice used in section

(2-2) could have been applied here also to obtain the form of all the non-

linear current source terms, ik(t). For the sake of brevity, we will not

use that approach here, but simply use the results of section (2-2) to iden-

tify the different order current sources due to different nonlinearities.

These are summarized in Table 2-1, where vi (t) denotes the ith order

response voltage v(t), which control the nonlinear element characteristics.
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Table 2-1. Nonlinear Current Sources in multiple-node, multiple-nonlinearity

circuit analysis.

Nonlinear Resistor, F(v):

k = 2: a2 [v
1] 2

k = 3: 2a2 Cv v 2]+a 3 v1] 3

k = 4: a2[2vlv
3 +(v2 )2 ]+3a 3 [v

1 12 v2 +a4 [
1V 1

Nonlinear Dependent Nonlinearity G(uv):

1 2 1l 2 1 1
k = 2: a20 [u I + a02 I+ au V

3: 13 + 13 a 121 1 1 2 2 1 2

+ aO2[V1++aa11ulv

k 3: a30 [u1 + a03 [v 1 + 21+ 2a20 uu +

1a 12 1 2 u2 1J02 V + a11[ulv + u V

k 4: a 1]4 + a04 v14 + a u1 [vI 3  + a22u1 2 v1 ]2  +

a4 0 Cu 04 13 2

a21 (2uu
3 + u2]2 ) + a11 (u3vI + ulv 3 + u2v2 ) + a02 (2v1v

3 +

Iv2 2 ) + 3a 3u112v2 + 3a12V122v? + +
30u~ 3 0 3 v~ + a2 1 ([u]v

2
+ 2ulu 2v 1)+

2123 2
a12 (u v I1 2 + 2u1v

1 v2)

Nonlinear Capacitive Nonlinearity pQ(v):

k 2: a2Pv
1l]2

k 3: 2a2Prv
1 v2 1+a3prv

1 ]3

k 4: a2P(2vlv
3 +Cv2 12 )+3a3PCv

1 12v2+a4p[v
1 ]4
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TabLe 2-1 (contd.)

Nonlinear Inductive Nonlinearity, Il/R)'*Cv)O

k 2: 212 V
p

3: !a 2 vl 2 ]+a3 [v]
p p

k =4: ~?(2vv3{2)+-.v V +IV2I.IVrI V p

25



We observe that the nonlinear current source terms in Table 2-1 are

similar to the nonlinear terms whose transforms were derived in section 2-2,

except for the nonLinear dependent source terms, which are functions of two

controlling voltages u and v. The form of the transforms of the nonlinear

dependent source will, however, be similar to the other nonlinearity types.

These can again be written by inspection. For example,

a20 u 1(t)]2 20u lt )u(t 2 ) a20 U(s )U(s2 ) (2-55)
1 1 1

a1u u(t)v (t)* a1 u 1(tl)v1(t) - a U()V(s ) (2-56)

20 21 1 2- 20 1 2-3
a2 0 u (t)v2(t) a2 0 u1(t 1)v2(t 2 ,t3 ) .+a 2 0 U(sl)V(s2 ,s3 ) (2-57)

Recall the one way arrow goes backwards only when t =t2=t .

We also note that a k-th order current source term in Table 2-1 depends

on responses of order less than k, which implies that, in order to calculate

a transfer function of order k, we need to determine the transfer function

up to order (k-i).

The first order transfer function can be solved for easily. It is sim-

ply the linear circuit response. Therefore,

Y(p)v(t) = i 1 (t) (2-58)

t 1 (t) = /z [v (t) 0 0 ... 01T , where v (t)For a single input system, T1t IZ

is the source voltage. Taking the transform of eqn. (2-58), and assuming

that the input source to be an impulse function, we get:

(s tl(Sl) = I/Z CY(s 1)1
1 1 0 ... 0 T (2-59)

where H1 (sl) was defined in eqn. (2-50).
26
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The equation for obtaining the second-order response, as per eqn.

(2-54), is the following:

Y(p)v 2 )(t) = -2(t) (2-60)

Since the input to the nonlinear circuit is assumed to be an impulse func-

tion, the transform of eqn. (2-60), after using eqn. (2-14), is:

Y (sls 2)-j (sls 2) = - 2(Sl'S 2 )  (2-61)

The elements of vector l2(SlS2) can be obtained by performing a two-

dimensional transform on the terms associated with k = 2 in Table 2-1. This

operation, as indicated earlier, can be carried out by inspection. Thus, we

have

H (s- EY(s +s )]-1 (ss (2-62)

Likewise we can solve for H3 (sls 2,s3 ). In general, we solve for the nth

order transfer function using eqn. (2-63):

n 1H 1(s!,s2,..•,s n ) = [ (E - si)]- I-sl.. n)(63i=~'~''~~= IT.( 5) I-nlSl"'''i'Sn) (2-63)

We observe a striking similarity between eqn. (2-63) and the equations

for nodal or cutset analysis encountered in linear circuit analysis. A lit-

tle thought would show that the process of solving eqn. (2-63) is identical

to solving the linear circuit in Fig. 2-2. We have nonlinear current

sources as inputs to the augmented linear circuit. A k-th order vector of

transfer functions is obtained by exciting the linear circuit by the kth

order current sources. Just as in the case of linear systems, s'perposition

can be applied here when a particular order response is determined from the

27
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Lower order responses. That is, a k-th order response can be obtained by

applying the k-th order current sources one-by-one at each of the ports ar

then summing up the responses. It is important to note, however, that the

complete responses of order up to (k-i) must be determined before we can ob-

tain the kth order response by superposition. It is also noted that the

illustration of Fig. 2-2 is for pedagogic purpose and that the nonlinear

current sources are not physically present in the circuit under considera- r

tion.

2-5. Multiple Input Circuit Analysis

Much of the foregoing discussion has been concerned with the analysis

of nonlinear circuits with single inputs. However, many applications of

practical significance is nonlinear circuit analysis have multiple inputs.

For example, in a receiver system, the mixer circuit has two inputs: 1) the

message signal, and 2) the local oscillator signal. The transmitter again

has nonlinear circuits with multiple inputs. The Volterra series method is

especially well suited for the analysis of such circuits. In this section

we discuss how the various order transfer functions change as a result of

multiple inputs.

From the discussion in section 2-4, it should be apparent that the

analysis of nonlinear circuits using the Volterra series method involves the

repeated analysis of a linearized circuit. The fundamental relationship had

the following form (see eqn. 2-54):

Y(p)v(t) i1 (t) - ±2(t) - i3 (t) + (2-64)Y~p) (t z =g(p---)- '

g!

where _-k(t) is the k-th current source vector. For k > 2 the k-th order

current source, depends on up to the (k-i) order voltage ratio transfer
29
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rA

functions as discussed above. It is injected at each of the pots at which

the nonlinear elements are present, and is due entirely to the nonlinear

characteristics of the nonlinearity. Furthermore, it is proportional to the

k values of the circuit input multiplied together. Thus, the number of

elements in the vector _ (t), k > 2, remain unchanged when multiple inputs

are present; only the il(t) vector is changed.

Consider, for example, the two-input circuit of Fig. 2-3(a). Then, to

solve for the first-order transfer function, we write the vector transform

equation as:

(s )V(s ) = I (s) (2-65)

where

I1 (s1 ) =Ygl(s )Vg1 (s
) Yg2 (s)Vg2 (s 0 ... 0]T (2-66)

and Y and V are as defined previously. The transfer function vector can be

written as:

ti(sl) H1 0 (sl) + H0 1 (s1) (2-67)

where

H 1 s  V( 2 ) (s l  
vP(Sl 1 T (2-68)

-10(Sl L Vg1  Vgl V gl Vg2 =0

and
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%01 (Sl) = V V(2-69)Vg2  Vg2  VgI  g I

where V( i ) is the voltage at port i.

The second- and higher-order transfer function vectors are solved for

by removing the given input sources and applying the fictitious nonlinear

current sources across the ports at which the nonlinear elements are

present. The vector transform equation for solving for the second-order

transfer function is still given by:

t2= -[Y(s I + s2)] C 2 (s1 s2 )] (2-70)

where

= (1) ( slS 2  (2) (s (P)(sls 2 )] (2-71)

Depending on the nonlinearity type, the general form of I W(s lS2), the

second-order current source across port L, will be:

I2 Ws l s 2
) = a H W)(s )H ( s

)  (2-72)
2 ls2 2 1 1 1 2

where () is known from eqn. (2-67). The determination of the higher-

order transfer functions is done similarly.

In summary, we note that the presence of multiple input sources in a

nonlinear circuit does not drastically alter the procedure for determining

the Volterra transfer functions. Only the structure of the first-order

current source vector is changed as a result of multiple sources. This

change is reflected in the values of the elements making up the second- and

higher-order current source vectors, whose structure remains unchanged.
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2-6. Sinusoidal Steady-State Analysis

In linear system theory, the sinusoidal steady-state response is inti-

mately tied to the transfer function of the system. A similar result is

found for higher order responses using the Volterra series method: an n-th

order response at a particular frequency is directly reLated to the n-th

order transfer function. In this section we develop this relationship.

If the harmonic input method [10-121 had been used in deriving the gen-

eralized transfe'r functions in the previous sections, the relationship

between the n-th order steady state response and the n-th order transfer

function would have been self-evident. But, since multi-dimensional

transform theory was used to derive the generalized transfer functions, this

relationship must be developed. We treat the specific case of n=2 in sec-

tion 2-6.1 and then derive the general relationship in section 2-6.2.

2-6.1. Second-order Sinusoidal response:

The second-order output, according to the Volterra series, is given by:

Y2 (t) =f h 2 (t-Tl,t-T 2 )x(T 1 )x(T 2 )dTldT 2  (2-73)

Consider the input signal comprising two unit sinusoidal signals at frequen-

cies a and The input x(T) is therefore:

X(T) = [exp(jw a T+exp(-JwaT)] [ exp~jwbT)+exp(-Jwb T (2-74)

Substituting eqn. (2-74) in (2-73), we have:
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Y2 ( t ) 4 f h2(t-T, t-T2)"

exp(iw a l)exp (-JWa I) exp( wb l)+exp(j wb 1)]
2 - +

2

. [exp(jwa 2 )+exp(-JWaT 2 ) exp(jwb T2)+exp(iwbT2
2 + jb

* dT dT 2  (2-75)

Considering one cross term only,

ff h2 (t-Tlt-T2) 1exp(JaTl JbT2)dTld2 (2-76)

and letting al = t-T 1 and 02 = t-T 2 and carrying out the integration yields,

1 (j j wb) expaj ab)tJ (2-77)
~4 2ia~jbep~~ 4.

Considering the other cross term similarly yields

1 j 
(2-78)

However, if H2 (s1,s2 ) is symmetrical in its arguments, as they are assumed

to be in this report, then the terms in eqns. (2-77) and (2-78) are equal.
The complex conjugate terms appear similarly. Hence, the output at frequen-

cy Wa+b is:

y(t) Ua wb tH2(jwa,jwb)IcosC(wa+wb)t + Oa+b1  (2-79)
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The 2wa or 2wb term and their complex conjugates appear only once in eqn.

(2-75); hence, their magnitude will be 1H2 (jwajwa)I and 71H2(jbjb)l,

respectively. If only one frequency input was present, the results would be

similar. The second-order output would then be:

I IH2 (J Wa, j a ) Iy2 (t) = IH2(Jwa'-Jwa)I + 2 cos(2a t+ 2a) (2-80)

Thus, if we know H2 (sls 2 ), then the quantities in eqn. (2-80) can be easily

evaluated. This is analogous to the case of linear systems, where the com-

plex variable s is replaced by jw to compute the response at .

If more than two-tones were present at the input, the second order

response would be evaluated by taking all combinations of two frequencies at

a time.

The response of the third and higher orders is similarly treated. We

now present the general case.

2-6.2. General Sinusoidal Steady-State Analysis.

In this sub-section, we develop the relationship which can be applied

directly to compute the sinusoidal steady-state response of a nonlinear sys-

tem from its nonlinear transfer functions, which can be obtained by the

method presented in section 2. The discussion here relies heavily on [10].

Consider a nonlinear system excited by the sum of K distinct tones;

i.e., defining N 2K, we have,

N
x(t) = - Ai exp(jiit) (2-81)

where .w will include both positive and negative frequencies, and A i for a

negative frequency will be the complex conjugate of A. for the positive fre-
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quency in order to have x(t) real. Then, the nth order output, yn(t), is

given by:

n
Yn(t) = nfold h(t...Tn) =1 x(t-T i )dri

n-fold 1-1

n N=...f h ,...,) i A exp jwk(t- i)]dTi (2-82)

n n) 2-n i=1 k=l

Carrying out the product operation in eqn. (2-82), we get a function y (t)

containing Nn terms, given by:

N N 1

Yn(t) = 1. E 1 - AR kI.Ak Hn(jwk l,...,Wj k )
k11 kn=1 2 12 n 1n

exp[j(w kl+''+k )tl (2-83)
n

Notice that in arriving at eqn. (2-83), we have performed the T. integration

in eqn. (2-82), thus giving rise to the n-th order transfer function in eqn.

(2-83). As the indices ki are varied over the range 1 to N, many of the

terms will be at the same frequency. The number of terms at various partic-

ular frequencies will vary according to what frequency combinations are tak-

en. For example, in the case of n=2 in section 2-6.1, there were two cross

frequency terms, while there was only one second harmonic (at 2w ) term.a

Similarly, for n=3, there are six terms in eqn. (2-93) at frequency

Wa+wb+c, three terms at 2wa+wb, one term at 3 wa, etc. The nonlinear

transfer functions, which make up the coefficients of these frequency terms,

differ only in their arguments. However, since the transfer functions are

assumed to be symmetric, the coefficient of the output at frequency wa+wb+Wc
37
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(in the case of n=3) can be multiplied by 6. This obviates the need for

taking all combinations to compute the output at Wa +b+wc .  Likewise we han-

dle the case of other frequency combinations. With this insight, we can

peek at the problem from a different perspective.

Let mlm 2,.. .,mN be non-negative integers. Then, the number of terms

at frequency w, = mlwl+m2w 2 +...+mNwN is equal to the number of ways of form-

ing mlwl+...+mNwN. In the n-th order output spectrum to a multi-tone input,

each term is evaluated by taking a distinct combination of n input tones at

a time. To compute the n-th order output when the input frequencies are

12 .,WN, we must therefore restrict m i in the following manner to com-

pute Z:

mI + m2 + + mN n (2-84)

Now the problem reduces to the following: find the number of ways in which n

objects can be divided into N groups of which the first contains m1 objects,

the second m2 objects, etc. The solution to this problem is given by the

multi-nomial coefficient [22):

n! (2-85)
n,N ml!m 2 ...mN!

By deriving eqn. (2-85), we have obviated the repetition of terms that is

inherent in eqn. (2-83). An equivalent way of representing eqn. (2-83)

through the use of eqn. (2-85) then becomes:

ml m2 ... mN

Al A2  AN
Yn(t) : X C nn,N 2
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H n(Jl,..,j2 ......,JN-.-)

mltimes m2times m Nx

explj(m 1w1 + ... + m NJN)t] (2-86)

Since yn(t) is real, eqn. (2-86) also contains the complex conjugate terms.

Thus, the coefficient of the sinusoidal term at frequency ml1wl+...+m NWN in

the n-th order output is given by:

m1 m2  AN 4Am
A1  _A2  -. N

Cn,N 2 n-1 Hn(jw-l,. .. ,jw 2 ,.........LN,.. ,  ) (2-87)

mltimes m times mNtimes
1 2

In computing the entire n-th order response in eqn. (2-86), we take all dis-

tinguishable combinations of m. satisfying eq. 82-84). According to [10]

there are

n+N-1
S = ( )= (n+N-1)! (2-88)
n,N n n (N-1

such combinations.

Equation (2-86) is the fundamental relationship between the n-th order

output and the n-th order transfer function. At first glance, the evalua-

tion of this equation appears to be a formidable task. But, after some

thought, one finds that this is not such a difficult task after all. We,

however, defer the discussion of this till section 4.

We now illustrate the use of eqn. (2-87). We assume that the nonlinear

transfer functions are known. The case for n=2 can be easily verified from

the discussion in section 2-6.1. For a two-tone input at w and w2 and n=3,

we have the following cases:
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r'
(a) The output at w d, d have the following amplitudes, respectiveLy:

2

y 3!A 2 A IH I( , i 2 j 2) (2-89)

y (t) 1 2 1 Al1

2- (4) " - 1 jW,) 1(2-90)

(cb) The output at 2 1, has the following magnitude:

(c) The output at _i, has the toLLowing magnvitude:

Y3 (t) 13 ,, ML 3 ( ju l " 'j " ll )  (2-92)i

The other combinations can be carried out simiLarly. For the above cases we

make the following observations: both eqns. (2-89) and (2-90) are similar to

obtaining the output at o a + b+wc " and therefore we see a 3! (=6) multiplica-

tion factor*, which accounts for the six combinations at (,a+wb+Wc that were

mentioned earlier; eqn. (2-91) is similar to obtaining the output at 2wa+(jb,

and therefore has a multiplicatin factor of (31/2!) = 3, which again is in

accordance with our earlier discussion; eqn. (2-92) is like evaluating the

output at 3,a, and hence har a mutt i0 licat ion factor of (3! 13!) = 1.

In section (?-5), we dett with the anays-. 0 multiple input non-

linear circuits. In obtaining the sinuscidal steady-state response of such

*The constant factor 4 in the donominator appears consistently in all

the output terms, and is therefore not reqarded as a variable multipli-
cation factnr here. This factor app,.rs due to the way x(t) was ex-

pressed in eqn. (-91).
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circuits the material of this section is still applicable. However, care

must be taken in keeping track of the various input frequencies, and their

associated transfer functions, when such an analysis is warranted.
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CHAPTER 3

COMPUTER-AIDED ANALYSIS USING VOLTERRA SERIES

3-1. -Introduction

The adapting of Volterra series method in a general simulation program

has been regardeo 3s difficult by various authors [301. As such, virtuaLLy

no eff~rt has been) spent on investigating the computational aspect of this

method. Most previous works, suchi as [71, have endeavored to check the

vatid'y ()f this approach by aorpItyinq it to specific circuit problems using

a computer.

The only major effort in using the VoLterra series for general non-

Linea, circuit analysis has been the development of the program NCAP

L1f, 41 A cursory review of this program reveals the inherent inefficiency

i the co mpuj t i o at ( ppronac h with regards to storage and types of aLgo-

rithms uised. This inefficiency notwithstanding, there are severe Limitation

regarding thep usetulness of the orogram: first, the program merely computes

the numeric31 values of the ncn ti'rea r transfer function at the various

program-prescribed combinations of the input frequencies, and does not com-

pute all the transfer function va~ue-s which are required to compuite the com-

plete output spe ctrum. TuNCAP does not y;et- the entire output spectrum

information. Second, to compute up to an n-th or-der transfer function, the

user must specify n inpu't reouenc'es, which are assumed to be a sum of ex-

pcnentiai-s andI no realsncis The program, therefore, is severely Lim-

ited in its tusefuLJness fromr the rsint of view of a use-r who may only be in-

terested in obtaining the output spectrum - say, for example, up to the

third or]e'- respnrl-ec w s it'pt - and his tittle use for the
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numerical values of the transfer functions at the program prescribed fre-

quencies.

In this section we look at the computational aspect of the Volterra

series method for general simulation purposes and then present the basic al-

gorithms for adapting this method for the spectrum and distortion analysis

of nonlinear circuits with polynomial type nonlinearities.

In section 3-2, we present a brief overview of symbolic analysis in

linear circuits, and then describe the reason why a symbolic approach is

particularly useful in adapting Volterra series for general simulation.

Section 3-3 deals with the implementation of the symbolic approach, and also

contrasts the computational effort between a numerical approach and the par-

ticular symbolic approach used here. The algorithm for obtaining the com-

plete output spectrum and the various distortion indices is described in

section 3-4. A description of the computer implementation of these algo-

rithms is given in section 3-5.

3-2. Why a Symbolic Analysis Approach.

The symbolic analysis of circuits involves the computation of the a.1

and b. for network functions in the form
1

F(s) = N(s) ai s (3-1)
D(s) I b. si

when all circuit elements are known. The more general form

F(s;XlX 2 ,...,x) = D(S;x, X n) (3-2)

applies when some elements of the circuit xi are kept as symbols. The ad-

vantages of symbolic analysis have been recognized previously r25,271. One
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particular advantage, and the one which is relevant to our problem here, is

that the numerical evaluation of a function at discrete points is much

easier and faster once the symbolic function is obtained than working re-

peatedly with a circuit analysis program. With this brief overview of sym-

,olic analysis, we now proceed to answer the question: Why use a symbolic

ana ysis approach for adapting the Volterra series method for general cir-

cuit analysis?

As pointed out in the previous sections, a nonlinear circuit is com-

pletely characterized by its Volterra kernels, or their transforms - the

generalized transfer functions. These transfer functions are then directly

related to the various order sinusoidal steady-state responses, as described

in Chapter 2. The n-th order transfer function is determined from the fol-

lowing equation (see Chapter 2):

n -1
Hn(Sl,...,sn )  = [Y( i)] (S ... (3-3)

i=1

n

where Y( si) is the reduced node admittance matrix evaluated as sI + s2

+ ... + and I is the n-th order current source vector due to the non-

linear elements. To compute the output spectrum, we evaluate H at then i

various and many frequency combinations. From eqn. (3-3) it should be clear

that such an evaluation will entail the inversion of the reduced node admit-

tance matrix at each of these frequency combinations. Using combinatorial

analysis, it has been shown C22] that for an input consisting of M sine

waves, the number of inversions involved in an n-th order response, given by

Nn,m, is:
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2M+n-1
Nn,m  n (3-4)

Thus, for a 3-tone input and up to a third order analysis, the number of

inversions is approximately 295. For higher order responses, this number

grows very rapidly.

Two basic approaches available for handling this inversion process are:

1. Numerical approach, or 2. Symbolic approach. The advantage of evaluat-

ing symbolic transfer functions mentioned earlier makes the symbolic ap-

proach more attractive. How much advantage is gained in using a symbolic

analysis depends on how much computational effort is expended in obtaining

the symbolic inverse of the reduced node admittance matrix. Thus, an effi-

cient scheme for obtaining the symbolic inverse must be used to efficiently

adapt the Volterra series method for computer aided analysis. The determi-

nation of the symbolic inverse will be the subject of section 3-3.

The reasons presented above stem from looking at the computational as-

pect of adapting Volterra series for computer-aided analysis. There are

other advantages gained from using a symbolic analysis. An important one is

that the generalized transfer functions can be obtained as functions of s.

once the inverse of the reduced node admittance matrix is obtained as a sym-

bolic function of s. This can be seen from examining eqn. (3-3). The for-

mation of the n-th order current source vector is a bootstrapping operation,

as was pointed out in Chapter 2. That is, an n-th order source is fo'med

from transfer functions of order less than n. The first-order transfer

function vector is determined from a column of the symbolic inverse of the

reduced node admittance matrix. The second order current sources, which

*This is assuming a single input circuit.
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depend on the elements of the first order transfer function vector, are

therefore formed from this column of [Y(s)] 1 . The second-order transfer

function vector is obtained by pre-multiplying the second-order current

-I
source vector by CY(s 1+s2 )] , according to which the second-order transfer

function vector eventualty depends on the entries of inverse of the node ad-

mittance matrix evaluated at (s1+s2 ). The third- and higher-order transfer

functions have a simiLar dependence. Thus, an inverse of the reduced node

admittance matrix in symbolic form, with s retained as a symbol, also yields

a functional description of the nonlinear transfer functions. A concomitant

advantage of this functional description is that theorems from multi- 4:

dimensional theory [5] (such as initial value, final value, etc.) can then

be used to gain more insight into the workings of the circuit.

[231 has developed recursive relationships to estimate the error in-

curred in the truncation of the series solution. This error was directly

related to the L1 norm of the linear kerneL function, which, in turn, is re-

lated to the poles and residues of the linearized system. Thus, we can get

an estimate of the accuracy of our solution through the pole-residue infor-

mation provided to us by the symbolic analysis.

3-3. Symbolic Analysis Method

Symbolic circuit analysis by digital computer has been of considerable

interest in the past decade. Many algorithms and methods have been derived

to obtain s/mbolic transfer functions of linear circuits [20]. Most of

thpc;e methods use tree enumeration [26], signal-flw graphs [20], or purely

numerical methods [27] to obtain symbolic transfer function between the in-

put and the outout. These approaches are basically useful for single-input,

single-outpiut systems. The inversion of the reduced node admittance matrix

to obtain the ooen-circuit impedance matrix, which is the problem we are
46
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dealing with, is basically a multi-input, multi-output problem. The methods

mentioned above can be adapted for solving the problem at hand; however, the

generation of multiple symbolic functions using these approaches many not be

satisfactory because of excessive computer time requirements. Some other

approach is definitely warranted.

Published methods [16-18] for inverting the noddl admittance matrix

when the elements are rational functions of the Laplace transform variable s

use pivotal techniques. It may appear that, since it is easy to program a

computer to perform polynomial arithmetic, these pivotal-techniques are a

natural way to approach the symbolic inversion problem. Results from the

use of such a technique have proved to be disappointing, mainly due to the

following reasons:

(a) The process of inversion transforms the nodal admittance matrix, which

contains terms of the form as + - + c, into a matrix in which every elements

is a rational function of s. The pivotal technique produces the inverse ma-

trix where common factors appear between numerator and denominator, and un-

less some mechanism is built into the process whereby these common factors

are recognized and removed, the elements produced will have polynomials of

excessively high order.

(b) When the circuit complexity is high, the evaluation of the symbolic

function at high frequency values can give rise to numerical problems. For

8
example, a circuit with 8 poles will have an s term in the characteristic

polynomial. When evaluated at 10 Mrad/sec, this term produces a number

equal to 1056 . Of course, this problem can be alleviated by obtaining a

partial fraction expansion (PFE) form for the transfer functions. But this

again entails additional computations - not to mention the numerical insta-

bility problems involved in root finding.
47
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(c) It has also been found that pivotal techniques become numerically un-

stable for higher order circuits.

We therefore seek another alternative for obtaining the symbolic form

of the open circuit impedance matrix.

An approach based on the state variable formulation can be used to

achieve this goal. Specifically, consider the general p-port augmented

linear circuit of Fig. 3-1(a). We wish to solve for the transfer im-

pedances, zij(s), i,j = 1,2,...,p, from the j-th port to the i-th port.

Knowing these transfer impedances, we can write for the p-port:

V(s) = Z(s)I(s) = Y(s)] - I(s) (3-5)

where V(s) = IV1 (s) V2 (s) ... V (S)] (3-6)

Z(s) = [zij(01 (3-7)

and I(s) = [I1 (s) I2 (s) ... I p (S)] (3-8)

Note that the vector V(s) contains entries which are the output voltages and

voltages that control the nonlinear element characteristics in the nonlinear

circuit.

To obtain Z(s) symbolically, we write for the network of Fig. 3-1(b),

the following state equations:

x Ax + Bi (3-9)

v Cx + Di (3-10)

where x is the vector of state variabtes, and v and i are vectors whose
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transforms appear in eqns. (3-6) and (3-8), respectively. Taking the La-

place transform of eqn. (3-9) and (3-10), and solving for V(s), we get:

V(s) = [C(sI-A) - 1 B + D] I(s) (3-11)

and, therefore, we get Z(s) to be

Z(s) a [C(sI-A) - 1 B + D] (3-12)

which is identically the inverse of the reduced node admittance matrix.

The matrix (SI-A) can be inverted by applying the similarity transfor-

mation as follows:

A = M A M-1 or A M-1 A M

M- (sI-A)M = sI - M 1AM = sI - A

-1 -1 -1
or (sI-A) = M(sI-A) M (3-13)

where the inverse of (sI - A) is simply diag ((s-x 1 )- 1,, ... } where

X are the eigenvalues* of the A matrix and M is the modal matrix. Substi-

tuting eqn. (3-13) into eqn. (3-12), we get,

Z(s) = [CM(sI-A)- 1 M- 1 B + DI

= [C(sI-A) -1 + D] (3-14)

where C = CM and M-IB. Equation (3-14) yields the entries of Z(s) in

partial fraction expansion form, which, as mentioned previously, is a more

desirable form from a computational standpoint. All information about Z(s)

*Here we assume distinct eigenvalues; the repeated eigenvalues can be

handled similarly.
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is contained in the matrices D and a vector containing the eigen-

values. An algorithm for implementing this approach is given in Fig. 3-2.

It should be noted that the approach used here is completely numerical and

does not involve any coding and decoding of symbols.

Now that an algorithm for obtaining the symbolic Z(s) is defined, we

can make a comparison of the computational effort involved between using a

symbolic inverse and the numerical inverse of the node admittance matrix at

each frequency point.

The computational trade-off between the symbolic approach and a numeri-

cal approach for matrix inversion is very problem dependent. While a 41

clear-cut winner cannot be established, a tentative answer can be obtained

by noting the operations count, defined in terms of multiplications and ad-

ditions, involved in the two schemes.

In the case of the numerical approach, the number of independent nodes,

n, and the number of branches, b, are the most important quantities for

determining the computational effort along with the number of frequency

points at which the output is desired. Assuming that no sparse matrix tech-

niques are used, the numerical inversion of an (nxn) matrix requires 0(n3 /3)

units of work, where 0( ) a "order of", and 1 unit of work = one addition

and one multiplication. For k frequency points, the work becomes 0(kn3 /3).

This does not involve book-keeping and other pre- and post-processing steps

such as pivoting and iterative refinement, which are usually necessary to

insure reliability and robustness of the algorithm.

In the case of symbolic inversion using our approach, the important

parameters in the computational effort are the dynamic degrees of freedom,

d, and the number of ports, p, where voltages and currents are injected or

measured. Using the QR algorithm [20,281 for computing the eigenvalues of
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the A matrix, the operation count is 0'8d3 ). The total work required for

obtaining the inverse at k frequency points is therefore O(d + kdp 2 ). The

number, p, depends on the number of nonlinearities in the circuit, and is

usually small. Also, if the network complexity is Less than the number of

nodes, the symbolic approach would, in general, require less comoutational

effort. As far as accuracy is concerned, both the QR algorithm and the

Ctout's algorithm with pivoting and iterative refinement yield accurate

results.

The efficiency of the symbolic method rests heavily upon the avaiLabil-

ity on an efficient process for forminq the state equations. The hybrid

analysis method [19,201, which essentially reduces to the analysis of a

resistive network, is well-suited for our purposes here.

3-4. Spectrum and Distortion Analysis Algorithm

The output spectrum and distortion indices for a nonlinear circuit with

polynomial type nonlinearities can be computed on the basis of the material

of Chapters 3 and 4. A flow-chart of the basic algorithm for such a compu-

tation is given in Fig. 1-3. We describe the steps involved in the fotow-

ing paragraphs:

Step 1: For the given nonlinear circuit, determine the dc operatinq point.

Expand each nonlinear function into a Taylor series about the operatinq

point to get a polynomial representation for the nonlinear element in terms

of the incremental quantities. Thus, for example, a forward-hiased iiode

having the "global" V-I representation

I = IsFexp(qV/nkT) - 11 ( -15)

can be expanded into a Taylor series to Yield the followinq incrementil k/-i

represuntation:
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...........................



Circuit Topology,
Element Values,

Input Frecuc ncies
and order of

Anal ysis

SNonlinear Ter7m5 Linear Termsi

Set up trie szJte an~d
output equations usir.2 -ivurid

analysis for ttie Augmenteo
Linear NetI,2rk

Form tnme inver-e OT tne roya:
node~ admiittance matrix in

t- Obtain the fres.e h/ ,
1 for various t

Perform histc,.ram an~alysis
of all freq~ency points;
combine to comuute t-,?
compl ete ot;ut s oect.

Cat cutlate d i irton inwiic',-

Figure 3-3. A Iqo r it fr f or ~c r wrT aod D ito r t ion Analys1iS.

4



I0 (q2 1 0 '

= v + n 2 V2 + ( +j) 3 v3 + "'" (3-16)

where I0 is the dc operating current.

Step 2: Lump the linear part of the nonlinear elements with the existing

Linear network to form the augmented linear network. Extract as ports the

nonlinear element branches and the branches that control the nonlinear ele-

ment characteristics (dependent nonlinear element case), along with the out-

put and source branches, from the augmented linear network. Let

S[V V2 ... Vp] and II 12 ... IpI denote the vector of voltages and

currents for these ports, respectively.

Step 3: Using a symbolic analysis algorithm (see Fig. 3.2), obtain the en-

tries of the Z matrix as a function of s, where

V(s) = Z(s) I(s) (3-17)

For each of the input sources, and their associated frequency tones, compute

the first-order output voltages at each of the extracted ports by using the

appropriate entries of the Z matrix. This step amounts to letting s = jw.

in z ij(s), the entries of Z(s).

Step 4: The second-order output spectrum is evaluated using the following

relationship:

V2 (SlS 2 ) = Z(Sl+S 2 ) 2(SlS 2 )  (3-1)

The vector I2(SlS 2 ) is the second-order current source vector, which is

formed by using the coefficients associated with the quadratic term of the

nonlinear element and the first-order output at the controlling port(s) of

the nonlinearity. The latter information was obtained in step 3. The given

input tones are taken two at a time in eqn. (3-18), along with the informa-
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tion derived in Chapter 2, to evaluate the output voltages at each of the

p-ports.

The third-order output spectrum is obtained in exactly the same manner.

The first- and second-order outputs are used to form the third-order current

source at each combination frequency, which is then pre-multiplied by

evaluating Z(s) at the combination frequency.

Step 5: Perform a histogram analysis of all frequency points and combine the

responses at points which are repeated. The distortion indices are computed

using:

HD- IVo(2i )  (3-19)

2  IV F(j

HD IVo( 3wi)I (3-20)
3  IVo(Wi)I

where HD2 and HD3 denote the second and third order harmonic distortion in-

dices.

3-5. Program PRANC.

The Program for Analysing Nonlinear Circuits, known as PRANC, is a di-

gital computer program, written in FORTRAN IV, that computes up to the

third-order complete output spectrum of a nonlinear circuit with polynomial
.

nonlinearities driven by up to two multi-frequency inputs. In the process

it computes the Volterra transfer functions at each of the frequency combi-

nations involved.

As mentioned previously, the solution of the nonlinear circuit problem

reduces to the repeated solution of the linear circuit. To efficiently han-

*Thus, mixer-type circuits can be analyzed using PRANC.
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dle this basic problem, PRANC uses a semi-symbolic approach 120] for analys-

ing the augmented Linear circuit. Specifically, the inverse of the reduced

node admittance matrix is obtained in terms of the symbol s using the state

equation formulation as described above.

The state equations for the linear circuit are formulated via the Hy-

brid analysis method [19,20]. If T denotes port branches in the tree [201

and C denotes port branches in the co-tree of a linear circuit, then the Hy-

brid analysis yields the following retationship:

H11  H12  H13  H14  'T4

H21  H22  H23  H24  vc

= 0 (3-21)
H3 1  H32 H33  H3 4  vT -

H4 1  H42  H4 3  H44  ic

H z

By suitably forcing the various ports in the linear circuit into the tree

and co-tree branches, PRANC uses the (3-21) formulation for setting up the

state equations. All capacitor branches are extracted as ports which neces-

sarily become part of the tree and all inductors, nonlinear element branches

(which are assumed to be voltage controlled), and input and output branches,

are extracted as ports which are forced as part of the co-tree. The matrix

H is obtained in a form where H1 1  I (I being the identity matrix),

H12 = t21 = 0, H22 = . This yields the capacitor currents and the inductor

and nonlinear element branch voltages in terms of known variables. Thus,

the A, B, C, and D matrices in the state and output equations (see eqns. 3-9

through 3-12) are obtained from the submatrices of H. The formulation of

eqn. (3-21) is quite fast, since it only involves the analysis of a resis-

tive network.
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It is noted that the matrix H may not exist in idealized circuits.

However, for most practical circuit this matrix is almost certain to exist

[201. It should also be noted that the above formulation of state equations

tacitly assumes that no degenerate cutsets (all inductor-current source

cutset) or degenerate loops (all capacitor-voltage source loop) are present

in the linearized circuit. These restrictions are not very severe, espe-

cially when the realistic lossy models of circuit components are taken into

account.

The next step in the PRANC algorithm is to determine the eigenvalues 4
and the eigenvectors of the A matrix. For this purpose, the double QR algo- V

rithm [291 for obtaining the eigenvalues is employed. The basic steps, such

as matrix balancing, reduction to Hessenberg form, shift of origin, are in-

cluded in this algorithm to make it efficient and reliable. The eigenvec-

tors are also obtained in the process.

All information about the inverse of the reduced node admittance matrix

A A

is stored as three matrices and a vector. The matrices are fl, C, and D (see

eqns. 3-14), and the vector contains the eigenvalues. It is noted that the

solution of eigenvectors for repeated eigenvalues can be a numerical un-

stable process [293. Thus, the programs outputs a diagnostic message when

such a case occurs.

The first-order voltage response at the prescribed ports is now comput-

ed from the entries of the open-circuit impedance matrix. These ports in-

clude: source port, output ports, nonlinear element ports, and ports which

control the nonlinear element characteristics. The response is calculated

for each user prescribed frequency, and stored as a two-dimensional array:

port number vs. the frequency numher.
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The second-order voltage response is computed at each distinct combina-

tion of the input tones taken two at a time. The ports of interest are the

same as that for the first-order response. The second-order current source

vector, at a particular frequency combination, is formed by considering the

nonlinear element type and the voltage(s) controlling it, which is deter-

mined from the first order response array. This vector is pre-multiplied by

the open-circuit impedance matrix evaluated at the combination frequency to

obtain the second-order transfer function vector at that frequency. The

response voltage at this frequency is then determined from the transfer

function value. The second-order transfer function values are again stored

as a two-dimensional array: port number and the particular frequency combi-

nation.

The third-order response is determined simiLarly. The third-order

current source vector is formed by properly picking out the values of the

first- and second-order transfer funeions. The indexing of the arrays is

of critical importance to the efficient implementation of this scheme.

Since the hybrid analysis forms the basis for forming the open circuit

impedance matrix, the following linear elements are allowed by the program*:

resistors, capacitors, inductors, voltage or current sources, and all four

types of controlled sources. The nonlinear elements are assumed to be vol-

tage controlled, with the following poLynomiaL descriptions:

i = alf[VpI + a2 f 1 + a f[V ]
3  (3-22)

p 1i p 3 p

*A direct nodal analysis would or)ly allow for voltage controlled current

source.
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ip a a + a 2 ap aOvq + a01 vr a20vq a2vr +

S + a a12V V2 + a 2  (3-23)
a1 1 VqV r +a 3 0vq ao3vr r 21q r

where in and vn are currents and voltages across branch n, f is a Linear
t

operator of the type - -, , or constant, and a.. are constants. It should

be noted that eqn. (3-23) models a 3-port device.

In the present version, PRANC imposes the following restrictions on the

circuit parameters: maximum number of elements (both linear and nonlinear)

= 69; maximum number of nonlinear elements = 10; maximum number of dependent

nonlinear elements (eqn. 3-23) = 5; maximum number of reactive eLements =

20; maximum number of independent nodes = 30; number of input frequencies =

5. These restrictions can be relaxed if desired. The modular structure and

algorithms of PRANC makes it possible to extend the order of analysis in a

straightforward manner. The limit on the highest order will eventually be

dictated by the storage restrictions of the computer.

The validity of the results obtained from using PRANC has been verified

through hand-worked examples and with the results obtained from using NCAP

[24]. In Chapter 4 we present examples showing the results obtained from

the use of PRANC.
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CHAPTER 4

USER'S GUIDE FOR PRANC

4-1. Introduction

Based upon the theory of Chapter 2 and the algorithms of Chapter 3,

PRANC (Program for Analyzing Nonlinear Circuits), a digital computer pro-

gram, has been developed for the sinusoidal steady state analysis of cir-

cuits with multiple nonlinear elements and multiple multi-frequency input

sources. The complete listing of the program is contained in Chapter 5.

The usefulness of PRANC is not restricted only to users who are well-

versed in the Volterra series method; users with a basic knowledge of the

significance of sinusoidal steady state analysis, eigenvalues (poles) of a

Linear system, and other related circuit analysis concepts can easily use

the program, and understand the information provided by it. By suitably

translating the circuit analysis problem into a prescribed sequence of

well-defined statements - to be presented in this chapter - any user can use

PRANC as an analysis tool.

To methodically and effectively use PRANC, the user is recommended to

follow a three-step process:

1. Preliminary Data Preparation

2. Translation of Data for Analysis

3. Titerpretation of Analysis' results.

The contents of this Chapter are organized on the basis of these steps.

In section 4-2, the considerations entailed in the preliminary data

preparation are presented. The allowed elements, the user available op-

tions, and the program restrictions in terms of the circuit size and

features are discussed.

61



Section 4-3 presents the sequence of input cards (input data to the

program) for PRANC. The formats for each card in the sequence is described.

The interpretation of the program output is the subject of section 4-4. Fi-

nally, several exampies are presented in section 4-5 to illustrate the use

of PRANC.

4-2. Preliminary Data Preparation

4-2.1 Allowable Element Types: The first step in any circuit analysis prob-

lem is the drawing of its complete circuit model. This diagram should in-

clude all elements which can be identified by PRANC.

The present version of PRANC is capable of identifying the following

element types, which are depicted in Fig. 4-1:

• Independent voltage source

" Linear Components: Resistor, Inductor, and Capacitor

" Linear Dependent Sources: Voltage-controlled Voltage source,

Current-Controlled Current--Source, Voltage-controlled current-source,

and Current-controlled voltage-source.

" Nonlinear Components: Resistor, Tnductor, and Capacitor

" Nonlinear Dependent Source: Voltage-controlled current-source.

" Bipolar Junction Transistor

The polarity convention assumed by PRANC is shown in Fig. 4-1. The current

voltage relationships for linear elements are well-known. The nonlinear

elements are assumed to be represented in the form of polynomials of branch

voltage(s). Thus, PRANC handles nonlinear elements expressed as:
62



Element Symbol

Linear Components: R or G
Resistor AAY

ik

+ vk

Capac ito r 0 L  =

+ A
k

xx k yyInduc to r 1-- O

+ vk

<i er Je~n dent bources: 0 x

- - .---- ~+ +
Voltage-Controlled Voltage I

Source v1  < avlvk

-yY

xx
+ +

Voltage-Controlled Current *V gv1 vk
Source

yy

i1  ik xx

0-+ - +

Current-Controlled Voltage V+ bil Vk
Source

YY

O xx1  0X

Current-Controlled Voltage V rjk
Sou rce

- . yy

v
1I

Nonlinear Components:

Resistor x

Figure 4-1 PRANC Element Definitions
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Capaci tor0 -0

xx yy

+ 
v

Inductor

xx yy

+ k )

Dependent Source: C

+. U

xx + 2

Bipolar Junction Transistor x

______ x

xx+3

IptSource: Z

v (t)

Z is R, L, or C +

yy

Figure 14-1 (Contd.) PRANC Element Definitions
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NL = al 1 V] + a2 f[v
21 + a3 f[v3 1 (4-1)

or

i a 2 2+aNL alOV + aOju + a20 v + a02 u 
+ a11vu

+ a30 v3 + a03u
3 + a21v u + a1  

2  (4-2)

where f is an operator of the form f, or a constant, u and v are branch

voltages, and iNL is the current across the nonlinear element. It should be

noted that eqn. (4-1) is adequate to model a nonlinear capacitor, a non-

linear inductor, or a nonlinear resistor, and that eqn. (4-2) is suitable to

model a 3-port or a 2-port voltage controlled nonlinear dependent source.

The representation of a nonlinear device in terms of a polynomial is

covered in several papers and reports [7,10]. An example of the development

of a polynomial representation for a semiconductor diode is given in Appen-

dix A.

It should be noted that if a current-controlled nonlinear element is

present in the circuit, the reversion of the series may be used. That is,

given

2 .3
vNL= aiNL + a2 NL + a 31NL (a 1 0) (4-3)VNL2L 3N

We can express

iNL = AIVNL + A2 A 3 (4-4)

where
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A a(4-5)
1-~T V

a2
A 2  3 (4-6)

a2

A = 1 (2a2 - aa 3 (4-7)

a 2 a4-7)

where iNL and vNL are the current and voltage across the nonlinear element,

respectively.

The element node numbers are shown by symbols xx and yy in Fig. 4-1.

For devices representable in terms of a pair of nodes, or a collection

thereof, the node numbers are assigned by the user. The node numbering for

a bipoLar junction transistor is done internally within the program once the

node number for the base terminal of the transistor has been specified by

the user. The model for the transistor used in PRANC is based on

Narayanan's work F7], and is shown in Fig. 4-2 aLong with the program-

assigned node numbers. i

4-2.2. User Available Options:

PRANC performs the complete sinusoidal steady state analysis of a non-

Linear circuit. In accomplishing this task, the program obtains the state

equations and the eigenvalues for the linearized circuit, forms the entries

of the open circuit impedance matrix* in nartial fraction expansion form,

and then computes -t- first-, second-, and third-order transfer function

values at each combination o *-. -Jbe positive and negative input frequency

values. The output voltaqe at earh frequency component is then computed

*This is an equivalent form of the invwerse of the reduced node admit-

tance. 66
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from the transfer function. The sinusoidal steady state response is ob-

tained after combining the various order responses at repeated frequency

values.

In order to provide fLex-]iility to the user to control the program out-

put, several options have been incorporated in PRANC. These are described

next .

1. Frequency Sweep. Many appLications in distortion and spectrum analysis

of nonlinear circuits calls for the study of the effect of frequency on the

distortion products. A frequency sweep capability, which allows the user to

request multiple analyses of a given circuit over a range of generator fre-

quency values in a single Pxe(xejtion, is provided by PRANC. This option can

be called for by specifying the acronym FS on the option card.

PRANC allows the user to sweep up to five tones*. This allows the user

to study the effect of frequency on the second- and third-order intermodula-

tion products independently. In a third order analysis, a combination of

three input freniuencies is taken at a time to compute the amplitude of an

intermodulation product; sweeping up to three frequencies is therefore suf-

ficient to study the effect -f frequency on an intermodulation product.

Thus, given a fixed intermodulation frequence wTM 1 + W2 -j3" where

1" '2. and i, are the inPut frequencies, the effect of a change in the in-

put frequencies on ,IM can be investigated c.y simultaneously Incrementing

J1 " and a- by a fixed amount across the band of interest. The study of

the effect of frequncy -1n a sec'nd-order distortion product is done simi-

larly by varying two tones at a time. Both linear and logarithmic frequency

sweeps are availahlt on PRANC.

*Since PRANC generates the negative of the input frequencies internally,

this is equivalent to sweepinj ten frequencies.
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2. Multiple Input Sources. Ordinarily PRANC assumes the nonlinear circuit

to have a single multi-frequency input source. However, when a two source

circuit, such as a mixer circuit, is to be analyzed, the acronym MX (mixer)

on the option card can be used. PRANC will, in such a case, look for the

description of the second input source. The first generator can have up to

four input tones, and the second generator (the "local oscillator") only one

input frequency.

3. Print and Plot Complete Spectrum. After computing the transfer func-

tions and output voltages, PRANC performs a histogram type analysis of all

frequency points to compute the complete output spectrum across a requested

circuit element for printing and pLotting purposes. Often times the user

may be only interested in the transfer function and output voltage values,

and may have no use for the complete output spectrum. In order to provide

the flexibility for suppressing the printing and plotting of the complete

output spectrum, an option to be specified by the user is available. By us-

ing the acronym PC on the option card the user can request for a print-out

and plot of the complete output spectrum; an absence of PC on the option

card signals the program to suppress the histogram analysis feature.

4. Output Port Print-out Selection. PRANC performs the analysis of the

nonlinear circuit on a port basis. Two types of ports are extracted in the

analysis: 1) Input and output ports specified by the user, and 2) control-

ling ports for the nonlinear elements. Depending on the number of nonlinear

elements and the number of controlling voltage variables, the number of the

extracted ports can become quite large and thereby result in an inordinately

large amount of printed output if the transfer function and output voltage

at each frequency component and at each of the ports is printed. To reduce
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the amount of printed output, an option for the printing of selected output

ports can be requested. By using the acronym AP (All extracted ports) on

the option card, the transfer functions and output voltages at each of the
4

extracted ports is printed; an absence of AP on the option card signals the

program to print the transfer functions and output voltages at only the

user-prescribed output ports.

5. State Space Description Print. The open circuit impedance matrix for

the linearized circuit is obtained via the state space description (see eqn.

3-1). The user can request a print-out of this description by specifying

the acronym SE on the option card. When SE is omitted from the option card,

the printing of the A, B, C and D matrices is suppressed.

6. Eigenvalue, Modal Matrix Print. The eigenvalues or the poles of the

linearized circuit, and their associated eigenvectors, are computed by

PRANC. The user may access this information by specifying NM (natural

modes) on the option card. The eigenvalues and the modal matrix are not

printed when the letters NM are omitted from the option card.

7. Open Circuit Impedance Matrix Print. The open circuit impedance matrix

for the linearized circuit is obtained in partial fraction expansion form by

PRANC. Each entry of this matrix is obtained in terms of a set of pole-

residue pairs and can he written as:

rk

z..(s) - k + constant (4-8)ij k s- k

where rk is the residue associated with the pole k" Knowing all the en-

tries of the open-circuit impedance matrix in the form (4-8), it is possible

to obtain the higher orler transfer functions in terms of s. [231. By using
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the acronym PR (pole-residue) on the option card, all information required

to obtain each entry of the open circuit impedance matrix in the form (4-B)

can be accessed from PRANC.

8. Debug Print. The hybrid analysis formulation is used by PRANC to set up

the state space description of the Linearized circuit. AlL important inter-

mediate results leading to the determining of the hybrid matrix can be ob-

tained by the user by requesting a debug run. This option is invoked by

specifying the acronym DB on the option card.

4-2.3. Program Restrictions

The present version of PRANC imposes the following restrictions on the

circuit size:

Maximum number of elements (both linear and nonlinear) = 60

Maximum number of nonlinear elements + = 10

Maximum number of dependent nonlinear elements 5

Maximum number of reactive elements = 20

Maximum number of independent nodes = 30

Maximum number of input frequencies* 5

Maximum number of extracted ports** = 25

Maximum number of inputs = 2

In addition to the above size restrictions, there are other restric-

tions imposed by the algorithms used: the presence of degenerate (all

capacitor-voltage source) loops or degenerate (all inductor-current source)

A bipolar transistor accounts for three nonlinear elements.
*These are the sine wave input frequencies. The negative frequencies

are generated within the program.
**Number of extracted ports < NO + NINL + 3NDNL + 1;
NO number of requested outputs
NINL number of independent nonlinear elements
NDNL number of dependent nonlinear elements.
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cutsets [20] will lead to erroneous results. It should be noted that this

restriction is not severe when the realistic lossy models for capacitors or

inductors are used. A series resistance with a capacitor or a shunt resis-

tance with an inductor to account for the element non-idealities will insure

the absence of any of the aforementioned degenerate cases.

Another restriction encountered in PRANC is related to the determina-

tion of the eigenvectors. :t is welt known [29] that the computation of the

eigenvectors for repeated eigenvalues can be an ill-conditioned problem.

Thus, whenever a linearized circuit has repeated eigenvaLues, PRANC outputs

a diagnostic message*. Again it is remarked that this restriction is not

very severe. One can easily concoct simple network examples with repeated

eigenvalues; but in reaL-life circuits, the probability of encountering re-

peated eigenvalues is very low - particularly when one considers the method

of storing numbers in the finite length word of any digital computer.

To summarize this sub-section, the following three-step procedure is

recommended to the user as part of the preliminary data preparation:

Step 1: Examine the circuit under consideration to insure that all elements

are recognizable by PRANC. Furthermore, insure that there are no degenerate

loops or degenerate cutsets [20]. If such conditions exist, the following

remedy is recommended: place a negligibly small resistor in a degenerate

loop; place a negligibly small conductance in parallel with one of the ele-

ments of the degenerate cutset.

Step 2: Assign consecutive numbers to all eLements in the circuit (including

a bipolar transistor) from 1 to NB and all nodes in the circuit from 0 to

NN, where NB is the number of elements (both linear and nonlinear) and NN is

*It should be noted that this is due only to the numerical problems and

that the theory of chaptrrs 2 and 3 is still valid.
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the number of independent nodes. Node number 0 is assumed to be the ground

node. Insure that the circuit size does not exceed the Limits imposed by

the present version of PRANC.

Step 3: Note the number of linear and nonlinear elements, ,nd the number and

unit of the input frequencies. Based on the List of available options,

select the ones desirable for the circuit analysis problem at hand.

4-3. Input Description for PRANC

In this sub-section, the details of the prescribed sequence of cards

needed for using PRANC are presented. After the preliminary data prepara-

tion step is done, the procedure for translating the circuit description

into input data is straightforward.

Assuming that PRANC is stored in the computer, the sequence of cards

needed for the analysis of a nonlinear circuit with a single source is shown

in Fig. 4-3; the case of the two-input source circuit is shown in Fig. 4-4.

There are basically six types of cards present in the input data for PRANC.

These are: 1) Title card; 2) Option Card; 3) Analysis Parameter card; 4)

Linear Component description cards; 5) Nonlinear component description

cards; and 6) Generator description cards. The details of the contents of

each of these card types -re described next.

1. Title Card: This card is read in with an 80A1 form and is reproduced as

the tirst line of the output.

2. Options Card: This card tells the program which options, described in

section 4-2.2, are desired by the user. Each option has a two-letter acro-

nym associated with it. These acronyms are summarized in Table 4-1. Start-

ing in coDlumn 1 the user must punch a contiguous string of the acronyms re-
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quired to request the specific options. The card must therefore be in the

following format:

Column Format Description

1-2 A2 First desired option acronym

3-4 A2 Second desired option acronym

5-6 A2 Third desird option acronym

See section 4-5 for exjmples.

3. Analysis Parameter Card: The analysis parameter card contains informa-

tion regarding the number of linear elemens, the number of nonlinear ele-

ments (the transistor should be counted as 1 nonlinear element by the user),

the number of sinusoidal frequencies (<5) in the input signal*, the unit of

the input frequencies, and the type of frequency sweep (if desired). This

card must be in the following format:

Column Format Description

1-2 12 No. of Linear elements

3-4 12 No. of nonlinear elements

5 I1 No. of input frequencies

6-8 A3 Unit for the input frequencies

us' RAD f. r ra,i/sec. Hz for Hertz

9-11 A3 Type of frequency sweep, if desired;

LIN for linear and LOG for logarithmic

*This does not include the local oscillator frequency in the case of a

mixer circuit.
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TabLe 4-1. Summary of Available User Options on PRANC

Option Acronym Option Description

1. AP Print all extracted ports output
information

2. DB Debug for Hybrid analysis: print
all intermediate results

3. FS Frequency sweep capability

4. MX Two-input circuit for analysis

5. NM Print eigenvalue and modal matrix
information

6. PC Print and plot complete output
spectrum

7. PR Print pole-residue information for

the open-circuit impedance matrix

8. SE Print state-space description of the
linearized circuit
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It should be noted that the I-format and the A-format are always r L

justified.

4. Linear Component Description Cards: Each branch containing a linear ele-

ment save the independent source(s) and its impedance(s) must be described

in terms of its topological connections, its element value and type, and its

controlling branch number, if any. Each Linear element description card

must use the following format:

Column Format Description

1-3 13 Branch number

4-6 13 Positive ("-rom") node number

7-9 13 Negative ("To") node number (Sign
convention for PRANC is shown in
Fig. 4-1)

10-11 A2 Element type. The following element
types and their acronyms are recognized
by PRANC:

R Resistance
G Conductance
L Inductance

C Capacitance
CV Current-controlled Voltage

source
VV Voltage-controlled Voltage

source

VC Voltage-controlled Current
source

CC Current-controlled Current
source

(Note: R,L,G, or C must be present
in columr 11: right-justified)

12-21 E10.3* Element value of R,G,L,C, or dependent
source.

22-24 13 Bran!; number for the controlling branch
of CC, CV, VV, or VC. For other element

*(Note: For an E-format input: the exponent appears as a signed two di-
git integer in the three right most columns of the format field, and is
preceeded by a letter E, which is preceeded by the f(oating point value.
Thus, for example, a 6.6wF capacitor value should appear as:

12 13 14 15 16 17 18 19 20 ?1)
S6 "6 0 0E - 06
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types this should be left blank.

25 II This column is used to provide multiple
output capability. A 1 in this column
indicates that the current branch number
is an output branch; a blank indicates

otherwise.

26 Al An asterisk (*) in this column indicates

that the complete output spectrum across
this branch should be printed and plotted;
a blank indicates otherwise. Note: only
one such branch is allowed in the current
version of PRANC.

5. Nonlinear Component Description Cards: Two cards are used to describe

each nonlinear capacitor, inductor, resistor, or a dependent source. The

first card describes the nonlinear component type and its connection in the

circuit; and the following card, the second card, defines the coefficient

values in the polynomial expansion of the nonlinear element (as per eqns.

4-1 and 4-2). The nonlinear components are assumed to have a voltage-

controlled current.

The format for the two cards required to define a two terminal non-

linear component is as follows:

First Card:
Column Format Description

1-3 13 Component number

4-6 13 Positive ("from") node number of the

component

7-9 13 Negative ("to") node number of the

component

10-11 A2 Element Type. The following acronyms
are allowed for the various element

types:
NC Nonlinear Capacitor
NL Nonlinear Inductor
NR Nonlinear Resistor
ND Dependent Nonlinearity (eqn. 4-2)

12-14 13 First controlling voltage branch
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number for the dependent nonlinearity.
These columns are left blank in the case

of NC, NL, or NR.

15-17 13 Second controlling voltage branch number
for the dependent nonlinearity. These
columns are Left blank in the case of
NC, NL, NR, or single-voltage-controlled

dependent nonlinearity.

Second Card: This card is used to define the coefficients of the polynomial

describing the nonlinear element described on the first card. The format

for this card is:

Column Format Description

1-10 E10.3 Coefficient a in eqn. (4-1)
or coefficient a10 in eqn. (4-2)

11-20 E10.3 Coefficient a2 in eqn. (4-1)
or coefficient a in enn. (4-2)

21-30 E10.3 Coefficient a3 in eqn. (4-1)
or coefficient a20 in eqn. (4-2)

31-40 E10.3 Coefficient a02 in eqn. (4-2)

41-50 E10.3 Coefficient a11 in eqn. (4-2)

51-60 E10.3 Coefficient a30 in eqn. (4-2)

61-70 E10.3 Coefficient a03 in eqn. (4-2)

71-80 E10.3 Coefficient a21 in eqn. (4-2)

1-10 (new E10.3 Coefficient a12 in eqn. (4-2)

card)
Three cards are needed to describe each bipolar transistor in the cir-

cuit. The first card indicates that a transistor i present and also speci-

fies the node number for the external base t-rminal. The second and third

cards input the transistor parameters for the purpose of PRANC modelling.

These parameters i!,clude the followinq (see Fig. 4-2):

Parameter No. Parameter Name Description

1 n Avalanche Exponent
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2 VcB Collector-base bias Voltage

3 VcBO Avalanche Voltage

4 0 Collector Capacitance Exponent

5 1 Collector bias currentc

6 I Collector current at maximum d.c.
cmax current gain

7 a h nonlinearity coefficient
FE

8 h FEmax maximum d.c. current gain

9 k collector capacitance scale factor

10 Ref Diode non-ideality factor

11 C. Base-emitter junction space
]e charge capacitance

12 C2  Derivative of base-emitter
diffusion capacitance

13 rb Base resistance

14 r Collector resistance
c

15 C1 Base-emitter capacitance

16 C3  Base-collector and overlap
capacitance

Once the external base terminal node, xx, has been specified by the user,

the following node numbers are internally assigned by the program to the

other terminals in the transistor model:

xx + 1 : Internal Junction

xx + 2 : External collector

xx + 3 : External emitter

The user must therefore take caution in not assigning these node numbers

elsewhere in the circuit.
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For the bipolar junction transistor description, the following sequence of

cards are used:

First Card: The format of the first card for the description of a BJT is

identical to that foi the two terminal nonlinear components. Accordingly,

the following format is used:

Columns Format Description A
1-3 13 Component number*

4-6 13 External base node number

7-9 13 (blank)

10-11 A2 The acronym TR in these columns
signals the presence of a bipolar

junction transistor.

A TR in columns 10-11 on the first card of the nonlinear description cards

causes PRANC to read two additional cards describing the transistor parame-

ters. The format and the order in which the parameters are read is as fol-

lows:

Second Card:
Columns Format Description

1-10 E10.3 n : Avalanche Exponent Value

11-20 E10.3 v cB : Collector-base bias voltage value

21-30 E10.3 VcB 0  : Avalanche voltage vaLue

31-40 E10.3 W : Collector capacitance exponent value

41-50 E10.3 Ic  : Collector bias current value

51-60 E10.1 I : Collector current at maximum d.c.cma ai valise
gain

61-70 E10.7 a : hFE nonlinearity coefficient value

71-80 E10.3 h : maximum current gain valueFEmax

Each transistor should be counted as one nonlinear component in the

circuit.
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Third Card:
Columns Format Description
1-10 E10.3 k : collector capacitance scale factor value
11-20 E10.3 Ref : diode non-ideality factor value

21-30 E10.3 C. : Base-emitter junction space-charge
capacitance value

31-40 E10.3 C2 : Derivative of base-emitter diffusion
capacitance value

41-50 E10.3 rb : base resistance value

51-60 E10.3 r c : collector resistance value

61-70 E10.3 C1  : base-emitter capacitance value

71-80 E10.3 C 3  :base-collector and overlap
capacitance value

In summary, the nonlinear component description cards are a sequence of

cards where:

1) Two cards are used to describe each nonlinear resistor, nonLinear capa-

citor, or nonlinear inductor;

2) Three cards are used to describe each nonlinear dependent source;

3) Three cards are used to describe each bipolar junction transistor in the

circuit.

6. Generator Description Cards: PRANC assumes the independent source to be

a voltage source in series with an impedance, as shown previously in Fig.

4.1. The impedance can be a linear resistor, a linear capacitor, or a

linear inductor. Two types of cards are required to describe the generator:

the first card specifies the generator connection in the circuit and the

succeeding cards describe the frequencies and their associated amplitudes

along with the parameters for frequency sweep capability, if desired by the

user.
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Only two nodes are needed to specify the connection of the generator to

the circuit.

The input voltage source is assumed to have the following form:

n
vs(t) = " Ai cos(wit + 8i); n < 5 (4-9)

i=1

The user is therefore required to input the values for Ai" "., and e. to

describe the input source.

When the frequency sweep capability is requested by the user on the op-

tion card, the following three quantities must also be specified along with

Ai., Wi and ei 1) the number of steps or frequency increments; 2) the

highest or terminal value of the frequency sweep; and 3) type of the desired

sweep, which indicates whether the increment is to be linear (additive) or

logarithmic (multiplicative). -

It should be noted that the number of steps defines the number of times

the circuit is to be analyzed. For linear sweeps the value of the increment

is calculated by the program according to the expression:

HFR. - FR.1 1

INC. = (4-8)i NSTP.-1

where INC. frequency increment value for the i-th frequency,i

HFR. highest value for the i-th frequency,1

FRi  starting value for the i-th freqjency,

NSTP i  number of increments for the i-th frequency,

Similarly, for a logarithmic sweep, the increments are calculated as fol-

lows:
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FHFR i NSTPi-
INC. = 1i 1 (4-11)

(4-12)

In determining the value for the number of increments, the user

should be aware that the highest and the starting frequency values each

count as an increment. It should also be noted that multiple frequency

sweep specifications always result in simultaneous increments of the fre-

quency values involved. The largest defined "number of increments" value

determines the number of analyses to be performed in such cases. As the

analysis progresses, each frequency value will be incremented until its

highest value has been reached, after which it will remain constant until

all defined frequency sweeps have been satisfied.

The first card in the generator description card has the following in-

put format:

Column Format Description

1-3 13 Positive ("from") node number for the
generator

4-6 13 Negative ("To") node of the generator

7-8 A2 Source Impedance Type: _R, _L, or _C

9-18 E10.3 Source impedance element value

The cards following the above card provide information about each frequency

value, along with its associated amplitude and phase, and its frequency

sweep parameters. The format used to describe the i-th input frequency is

as follows:
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Column Format Description

1-10 E10.3 AmpLitude vaLue for the i-th frequency

11-20 E10.3 i-th input frequency vaLue (must be

greater than 0)

21-30 E10.3 Phase value in degrees for the i-th

frequency

31-40 E10.3 Highest value for the i-th input
frequency. Should be Left bLank

when frequency sweep capabiLity is

not desired.

41-42 12 Number of increments desired for

the i-th frequency.

When two input sources are present in the circuit being analyzed, and

the acronym MX has been incLuded on the option card, the card immediateLy

folLowing the above "frequency description" cards is used to define the

second source ("local oscii-Lator") oa-ameters. The second -ource is again

assumed to be a voltage source with a series impedance of the resistive, in-

ductive, or capacitive type. Only one frequency value is however aLLowed

for the second source. The description of the second source must have the

following format:

CoLumn Format Description

1-3 13 Positive ("from") node number for the

so urce

4-6 13 Negative ("To") node number for the

source

7-8 A2 Source impedance type: R, L, or C

9-18 Ell.3 Source impedance eLetient value

19-28 E10.3 AmpLitude value of source

29-38 E10.3 Source ("locaL oscillator") frequency

va1 sifo

9- EIO.3 Phase value in deqrees for the source
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In section 4-5 we shall present concrete examples to illustrate the

typical sequence of cards used to translate nonlinear circuit problems for

analysis using PRANC.

4-4. Interpretation of PRANC Output

A typical PRANC output comprises a large volume of printed information.

In general, even when all user available options are suppressed, the output

consists of: 1) images of all input cards; 2) all circuit devices* with

their associated parameters and polynomial representation of their non-

linearities; 3) the description of the augmented linear network; 4) the

description of all extracted ports; and 5) the ttansfer functions and output

voltages across the desired output ports. The transfer functions and the

output voltages are printed for all non-negative ("positive" frequency spec-

trum) combinations of every positive and negative input sinusoidal frequen-

cies**, in both cartesian and log polar form. Thus, if a two-tone generator

is specified by the user, with 2f2 > f > f 2 PRANC will print the transfer

function and output voltage values at the following frequency combinations:

First order : fl.f2

Second order : 2f 1,f1+f2 ,f1 -f2,0,2f 2

Third order : 3f1,2f1+f2 ,f1,2f1 -f2 ,f1 +2f2 ,3f2 ,2f2 -f1 ,f 2

When the available user options are used, additional information about

the circuit is provided by PRANC. The details of each of the available op-

tion was presented in section 4-2. We briefly repeat their functions here.

*These include bipolar junction transistor parameters in the present

version.
**The user specifies or !y the positive sinusoidal frequencies; PRANC

generates their negative values within the program.
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When the acronym SE is punched on the option card, PRANC will print the

complete state space formulation for the augmented Linear network. It is

welL-known C20] that, Like the nodal or loop analysis, a linear network is

completely characterized by its state space description. By isolating the

dynamic (energy storage) elements in the linear network, the state equation

description emphasizes the dynamic character of the linear part of the non-

linear circuit under study. PRANC isolates the capacitor voltages and the

inductor currents as the state variables for the linearized network. It

prints the A, B, C, and D matrices of the following vector equations:

x = Ax + Bi

Y= Cx + Di (4-13)

where the vector x = Ivcl Vc2...Vcn:iLl iL2...iLk ]

the vector i = liI i2 - i I

and the vector y = Iv1 v2.-.vpI

Here v ci is the i-the capacitor voltage, iLi is the i-th inductor :urrent,

and vk and ik are the voltages and currents for the k-th extracted port,

respectiveLy. The order in which the states are arranged is identical to

the order in which the capacitors and inductors appear in the augmented

Linear description, which is always printed by PRANC in a typical successful

ex-r,-lion of the program.

When the acronym NM appears on the option card, the eigenvalues (poles)

and the modal matrix for the augmenced linear network is printed. The sig-

nificance of this information is well-known [20]: the poles have a direct

bearing on the linear system response and stability; the modal matrix can be

used to study the zero-input response along with the observability and con-

trollability properties of the linearized system.
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The presence of the acronym PR on the option card causes PRANC to print

the pole-residue information of each entry of the open-circuit impedance ma-

trix for the p-port augmented Linear circuit. This information can be used

to construct the higher order transfer functions in terms of the transform

variables s.. Multi-dimensional transform theory [53 can then be applied to

these transfer functions to get more insight into the operation of the non-

linear circuit.

The presence of the acronym AP on the option card causes PRANC to print

the transfer function and the output voltage values for all the ports ex-

tracted for analyzing the nonlinear circuit problem. These ports include:

1) input source port(s); 2) user requested output ports; 3) the ports at

which the nonlinear elements are present; and 4) the ports which control the

nonlinear element characteristics.

When the acronym PC is present on the options card, the complete

steady-state response at the "most desirable", user-specified output port is

obtained and printed. The logarithm of the output voltage is also plotted

as a bar-graph, which has the same display characteristic as a spectrum

analyzer. As mentioned previously, frequency components appearing in the

first-order response may appear in higher-order responses also. The func-

tion of the option under consideration is to combine these responses and

print the response at only the set of distinct frequencies.

The use of the debug option (DB) causes PRANC to print the intermediate

results of hybrid analysis of the augmented Linear circuit. This option has

been incorporated for the debugging of the linear circuit analysis and is

not recommended for use during a typical run. An understanding of hybrid

analysis [20] is necessary to interpret the output -- which can be quite

voluminous - from the debug run.
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4-5. Examples using PRANC

A set of examples are presented in this section to illustrate the use

of PRANC for obtaining the steady-state response of nonlinear circuits.

Each example will contain the problem statement, the sequence of punched

data cards, the computer printed output, and some remarks on the printed

output.

Example 4-1: Single Stage Untuned Amplifier Circuit

Consider the untuned, bipolar transistor amplifier of Fig. 4-5. The

input source comprises of three frequencies. The sequence of data cards

used are shown in Fig. 4-6 and Fig. 4-7. Note that the second card in the

sequence, referred to as the option card previously, calls for the pole-

residue information (acronym PR) and the printing and plotting of the com-

plete output spectrum (acronym PC) across the 50-ohm resistor present

between node 6 and the ground node (card no. 9). By not including AP on the

option card, the printing of the responses at all extracted ports was

suppressed; instead, only the responses across the 50-ohm resistor and the

0.1 ohm resistor are printed. The transistor parameters used in the example

are listed on the computer print-out.

Referring to the computer printed output, we note that all the user-

specified information has been listed. A description of the augmented

linear network, which is formed after the linear parts of the nonlinear ele-

ments have been lumped with the existing linear network, is also listed. In

the present examples, six ports were extracted as shown by the port assign-

ment description. The open-circuit impedance matrix is therefore of dimen-

sion 6x6. The pole-residue information (see eqn. 4-8) for each of the en-

tries of this matrix is also provided. The transfer function and the output

voltage values for the irious orders and frequency combinations have also
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been Listed. Finally, the output spectrum across port 3 (node pair 6-0) has

been printed and plotted. The total execution time for this example on the

CDC 6500 computer is approximately 4.8 seconds.
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ExampLe 4-2: Two-Stage Tuned Amplifier Circuit

Consider the two-stage tuned amplifier circuit of Fig. 4-8. The input

source comprises of two frequencies:

Vs(t) = cos(2w 3 x 106 t) + cos(2i 3.25 x 106 t)

The sequence of data cards used are shown in Fig. 4-9. In this example the

frequency sweep capability (FS on the option card) offered by PRANC was

used.

The computer printed output is similar to that for Example 4-1. The

two transistors in the circuit account for six nonlinear elements. Alto-

gether nine ports were extracted for the Volterra series analysis, two of

which were the desired output ports.

The maximum number of frequency increments specified were five. Note

that, as the frequency sweep is implemented, the set of input frequencies

are printed before the transfer function and output voltage values. Consid-

ering the execution times, we note that the formation of the 9x9 open-

circuit matrix took approximately 4 seconds on the CDC 6500 computer; the

calculation and the printing of the transfer functions and output voltage

values at the positive frequency values (approximately 90 points*) required

approximateLy 18 seconds. The entire program execution required less than

22 seconds.

*The actual number of points is approximately 150, since transfer func-

tions at negative frequencies are required in the calculations.
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CHAPTER 5 J1
PROGRAMMER'S GUIDE FOR PRANC

5-1. Introduction

The ideas presented in Chapters 2 and 3 have been used to adapt the

Volterra series method for computer-aided distortion analysis of circuits

with polynomial type ionlinear elements. PRANC (Program for Analyzing

Nonlinear Circuits), a digital computer program written in FORTRAN IV, is

the outcome o' this effort. This chapter presents in detail the program

structure and the description of the subprograms contained in PRANC. This

chapter should be most useful for programmers wishing to modify the program.

Section 5-2 presents the program structure of PRANC. By pointing out

the sequence of phases that are involved in a typical analysis run, the in-

teraction between the various subprograms is depicted. The discussion in

this section provides an insight into how the "equivalencing" of arrays

should be carried out for conserving storage.

Section 4-3 presents the details of each subprogram contained in PRANC.

These details include: 1) brief description; 2) glossary of FORTRAN vari-

ables; and 3) listing of each subprogram. The contents of this section

should aid the programmer in making future modifications to the program.

PRANC has been developed on the CDC 6500/6600 computer at the Purdue

University computing facility, and as such certain machine- and library-

dependent instructions exist. These system dependent cards in the program

are listed in section 5-4. Cards capable of calling equivalent functions

can be substituted in their place for adapting the program on a different

system.
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5-2. Program Structure of PRANC

Before detailing the program structure of PRANC, it is instructive to

delineate the sequence of steps that are involved in a typical analysis run

when using our computational algorithms. rhe program structure and its

modularity are better understood once a knowledge of the sequence of steps

has been acquired. Referring to a collection of steps as a phase, the fol-

Lowing is a partitioning of phases that are involved in a typical analysis

run:

Phase A: The following functions are performed during this phase:

(a) Read input data

(b) Control. the interaction between the other phases.

In a sense, this phase can be regarded to extend during the entire analysis

run.

Phase B: The user desired options are scanned during this phase and the flag

variable associated with each option is appropriately set.

Phase C: This phase is responsible for the following functions:

(a) Setting up of the arrays for the network description in a

prescribed manner.

(b) Assigning addresses based on the user-specified options and the

nonlinear element topology.

Phase D: The Hybrid analysis, which yields the constraint matrix 1203J. is

performed during this phase.

Phase E: The state space representation for the Linearized circuit is ob-

tained during this phase.
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Phase F: The eigenvalue-eigenvector information is determined from the state

space description during this phase.

Phase G: The printing and the formation of the entries of the open-circuit

impedance matrix is carried out during this phase.

Phase H: The first-, second-, and third-order transfer functions are comput-

ed during this phase.

Phase I: The following functions are performed during this phase:

(a) Compute the output voltages at each frequency point from the

transfer function values.

(b) Print both the transfer function and the output voltage values at

each discrete frequency point for the requested outputs.

Phase J: During this phase, the complete output spectrum at the user-

requested port is printed and plotted.

Phase K: When a frequency sweep capability is requested, this phase is used

to perform the said operation.

Phase L: When devices, such as transistors, diodes, etc., are to be

represented by equivalent nonlinear models, this phase is used to calculate

the parameters of the nonlinearities.

Several subroutines are required to perform the functions belonging to

each of the aforementioned phases. PRANC, in its present version, consists

of thirty-six sub-programs, whose interaction is depicted in Fig. 5-1. In

order to provide a link between a phase and its associated sub-programs, the

naming of the subroutines has been done in a deterministic manner: the first

letter of the subroutine name signifies the phase to which it belongs.
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I

Thus, for example, the subroutines HORDR1, HORDR2, HORDR3 perform the func-

tions outlined under phase H.

In the following paragraphs the function of each subprogram appearing

in Fig. 5-1 is outlined:

Program AMAIN is the executive calling program of PRANC.

Subroutine BOPTNS deciphers the desired user options.

Subroutine CAGMNT forms the augmented linear network by lumping the linear

parts of the nonlinear elements with the existing linear network.

Subroutine CRDPRT identifies and combines the parallel energy storage ele-

ments and current sources appearing in the augmented linear network, thus

effectively reducing the number of ports extracted for hybrid analysis.

Subroutine CSORT sorts the elements of the augmented linear network and ar-

ranges them in an order suitable for choosing a proper tree [20].

Subroutine CXTPRT adds a branch to the linear network.

Subroutine DFTREE finds the proper tree from the incidence matrix C201.

Subroutine DHYBRD is the executive calling program for performing hybrid

analysis of the augmented linear circuit to obtain the constraint matrix.

Subroutine DIAECH is used to manipuLate the incidence matrix into echelon

form.

Subroutine DPRINT prints the entire constraint matrix whenever the debug op-

tion is requested by the user.
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Subroutine DPRNT1 prints only part of the constraint matrix describing the

port equations whenever the debug option is requested by the user.

Subroutine DRAECH operates on the rows of the hybrid matrix to reduce it

into echelon form.

Subroutine ESTATE formulates the state space description of the augmented

Linear network and, if desired by the user, prints this description.

Subroutine FBALNC balances the matrix whose eigenvalues are to be deter-

mined.

Subroutine FEVEV is the executive calling program used to determine the

eigenvalues and their associated eigenvectors.

Subroutine FBKXM1 is used to back transform the eigenvectors of an Hessen-

berg matrix.

Subroutine FBKXM2 is used to back-transform the eigenvectors of a balanced

matrix.

Subroutine FERTST is used to print the error diagnosis arising in

eigenvalues-eigenvectors problems.

Subroutine FQRALG determines the eigenvalues and the eigenvectors of the

Hessenberg matrix.

Subroutine FRDHSS reduces a matrix to the Hessenberg form.

Subroutine GZOC forms the matrices used to store the entries of the open

circuit impedance matrix.
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Subroutine GZOCPR prints the entries of the open circuit impedance matrix

whenever desired by the user.

Subroutine HORDR1 computes the first-order transfer function at each posi-

tive and negative input frequency value.

Subroutine HORDR2 computes the second-order transfer function at each fre-

quency combination appearing in the second-order output spectrum.

Subroutine HORDR3 computes the third-order transfer function at each non-

negative frequency combination appearing in the third-order output spectrum.

Subroutine IWRIST determines the first-order output spectrum and prints it

along with the first-order transfer function at the user-specified output

ports.

Subroutine IWR2ND determines the second-order output spectrum for, non-

negative frequencies and prints it along with the second-order transfer

function values at the user-specified output ports.

Subroutine IWR3RD determines the third-order output spectrum for non-

negative frequencies and prints it along with the third-order transfer func-

tion values at the user-specified output ports.

Subroutine JSPCTM performs histogram analysis of all output frequency com-

ponents and combines the common-ones. It also prints and plots the complete

output spectrum at the user-requested port, whenever desired.

Subroutine JPLTSP perform the actual plotting of the output spectrum.
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Function JLCOMP locates the data points for plotting.

Function JPUT also locates the data points for plotting.

Subroutine JSEP separates the alphabets in the y-axis label for vertical

printing.

Subroutine KFRNC computes the frequency increments for each input frequency

whenever the frequency sweep capability is requested.

Subroutine KFRVLS computes the new frequency values during the frequency

sweep.

Subroutine LTRANS computes the coefficients of the polynomials representing

the nonlinear elements in a bipolar transistor.

5-3. Glossary and Subprogram listings for PRANC

In this section we shall present the specific task of each sub-program,

along with its listing. The glossary of important FORTRAN variable names is

included in the sub-program listing.

5-3.1 Program AMAIN

Program AMAIN is the executive calling program of PRANC. Its primary

function is to read and write input data, to form appropriate arrays for the

augmented linear network description, and to assign appropriate addresses

for subsequent use in forming the nonlinear current sources. The addressing

array NCONT used in PRANC deserves some explanation.

Based on the network element types, and their associated KEY values,

the elements of the augmented linear network are arranged in the following

order:
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1. Capacitors

2. VCVSs

3. CCVSs

4. Resistors

5. Inductors

6. VCCSs

7. CCCSs

8. Independent current sources

Such an arrangement is warranted for the selection of a proper tree and the

formulation of hybrid and state equations. The number of independent

current sources is equaL to the number of extracted ports, p, for the aug-

mented linear network.

Initially, as each input information card is read, a zero-valued

current source is applied across each prescribed input source branch, output

branch, nonlinear element branch, and nonlinear element characteristic con-

trolling branch (in the dependent nonlinear element case). Each zero-valued

current source signifies an extracted port. Associated with each extracted

port is an index number, NCONT, starting from 1 to n (n > p). Clearly some

of the initially extracted ports may be in parallel. The p-port augmented

linear network is obtained after the parallel zero-valued current source

branches in the n-port network are combined.

The extracted ports in the p-ports network has the following arrange-

ment:

14F
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Input port NCONT(1

Output port 1 NCONT(2)

Output port 2 NCONT(3

Output port k NCONT(k+1)

Nonlinear element #1 port NCONT(k+2)4

Nonlinear element H1 controlling port

NonLinear element 4$1 controlling port

Nonlinear element #2 port

Nonlinear element #2 controlling port

Nonlinear element #2 controlling port

Nonlinear element It port

Nonlinear element It controlting port

Nonlinear element It controLLinq port NCONT(3t+k+l)

The array NCONT contains the port number for each of the above extract-

ed ports. Thus, NCONT(1 contains the port number for the input source

port; NCONT (?) for i i fi r,t ''jtpot rnort; NCONT(3 for the second out-

put port; NCONT(k4l) for th" k-th output port; and so on. It should be

noted that the inoiPnritnt r,nl irnear el eme',ts are treated as special

cases of depen1lent nonl ine,ir o(Pents. Thus, if NCONTM5 3 signifies

1 49



port number 3 for a nonlinear capacitor, then the locations NCONT(6)

and NCONT(7) will aLso contain 3. In the case of a dependent nonlinear

element, the number for the controlling ports will usually be dif-

ferent. It should be clear from the above discussion that, for a sin-

gle input, k-output network with k nonlinearities, the length of the

array used is (3t+k+l). The array NCONT plays an important role when

the various order steady-state responses are computed.
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5-3.2. PRANC Listing:

~ P R A N C 20
C*~**~~**P200RrVPC? FOR flLVZIN NO'NLINEAR CIRCUITS 4*******~tN 30

C~~:**~*~-,p SPTNB ST03 VE51RSION ~ *~****FN 50

~ 70
PROGRAMAf IPT O7UOT73 VWT2E=UPT ANN 80

o * ANN 100
C**:P;$* THI7S -U-1O-lN:RTRS U FOLLC!1I NCG FUNCTIONS: *ANMN 110
c * 1. 77-nD 41103 !RI-EINU CIRZ-UIT DESCRIPTION. *ANN 120

C2. CCF (3 78ECUTIUE C^LlIN1 G 7200?AN F0R PRANC. cAtiN 130
c ~ANN 140

C** THITS CUDf-PZROGRAM USE7S TEFOLLOH4ING 5UJ_370'JTINEs: *AriN 150
I . DCOI T : *APil 160

C : '2. £72!F UR.COR.CCT*AN;N 170
C ~ .£222] ANH 180

c A. MS~iT N 190
cS. xEE ~ANN 200

c G . 02£:C- 4ZAMN 210
c~~~~~~ .RR HDhI. 23*ANN 220

U~ 0. T117 121.122 *ANN 230
_T I1 A371 *AIllN 240

C 10. KF 71NC0 K72'2ILS v 2 t 1 250
- .LTRCNS , 7 * AriN1 t 290

12.**- E7COND ';-:*(LI2l.T DEPENDENT ROUTINE) x AtN 270
c *RHN 280
C*~*-** THIS SUB -F20 02Ar,1!tS C_Q33477 OF FO2T2MN NAMES5: *APIN 200
C £222 722- 1:2,:82 K I T I SNENTED LINEAR rcANN '3 00
c. .....2 *-ANN 310
c , IR ClK I -2:1-+ NODE NUNE11ER FOR B?ANCH1 NUMBER K '*AMN 320

C 17W"l\ ' -70- NODE NUNJE?- 70? DRP:CH iiUNJER K *ANN 330
C T' 7"?22112E ELEMENIT TYPE *AHN 340

?CE' ~ ~L"'' 00:2 12£22?-,UN3ZEP BR 3ANCH K *ANN 350
C~~~~~ PN 3'' ''A lpZ7£72 N 360

C .7 " ~ .' tE70:Q 227201<C9 *A N 370

CCC ",)- T077021 CGE7277CZIENlT U,0LUE_ FOR NONL INEAR *ANN 390
C - ij*ANN 400

c FE !-]~ *7." N P6 r !CY PAL!UE *A4'MN 410
C 7 -- - '-: 7'' IPUT 7ECUEN: Y P L I T UDH r;AN 420

1 4H4 RQENYPHS Alli 430
C LIU:; F" DU l -, EN2 U;! IItT kCC 0? 7/EC ANN 440

f I' ':7I: 7£? T'. A"IPNENTE LINEAR -P1N 450

! -TC2 7£?TH CON;STRAI)NT M'ATRIX c4)ANN 480
c 7~<' *"~'fl" /E N,22 lLYI *AM-N 45r,0

('22' 7 S;''< CEC' - E Z 'EEN TA TIO0N v, 1 510
c r*j -- 272< 7 3 ,': 77. 2 5 7RENTATITON v 1 " 1 520)

7: '1 P 7-PE3EN'TA4TI10N tt2NNi 530
U Fr, OH A~ M;SiIA IN *1 5 40

C "_F T 7-,f $22: Y ,r";', 1777EOUEIICY) Vs'::i 5350
1 N '' '.73 Fm 31 ' - ?.773FTh7,TI0Ol C rM I1 560

-''7> :: T;r'' 'OODUC T OP 100/i)L *4/N 570 f
T '1''l/ 580

- 7 i., o 3. -."ODI0CT OP CMAT AND 41 59o
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r
C * WKl1,WK2 W-'O'PK A77A Y S K*AN SIC
C * STPSC I) I A lINPUT FPEQUENCY NUM'2R OF INCREMENTS A*(ZN £ 2 0
C * FRIMC(I ) :I -H INPUT F REQUENCY INCREM,'ENT VALUE I2K 630
C *F I : l) H INPlUT FREQUE=NCY HIGHEST VALUE *RIN 640
C * I(Po I) : PORT P FIRST-C ?DER OUTPUT AT FREOCI) I i 1 650
C * W2(I) : S-COND-ORDE?7 I-7H FREQUJENCY COMPO.NENT VALUE "IkN C60
c * Y2(PPI) PRT P SECOD--,DDER OUTPUT AT W-2(1) *M 67,0
C * FC2(I) . COSBINAT1IN CODE FOR t:2(I) '<M 63,0
C W3(1I) :TIID-ORZER 1-ill FREQULENCY COMPONENT VALUE '4N GS30
C * Y(P.I) :PORT P THIRO-ORDER OUTPUT AT fl31) *Pt'-N 70 0
C * FC3(I) :FREQUENCY COMBINAqTION CODE FOR 143(1) *AN710
C * FR(Ill I-il FPEDUENCY VAL UE IN THE COMlPLETE SPECT RUM'<M;,N 720
C * VI) :OUTPUT VOLTAGE AT ERGI) A N N 7-20,
C * IPT : RRAY USED FOR '-HISTOGRAM- ANqLYSIS A 4WN 740
C * YLG LO OF THE 11 OUTPUT (Y), USED FOR PLOTTING, *RM:N 750
C * STI,9T2 D 1UlMMY STORAGE PARRAYS USEOD FOR EQUIUALE'NCING N:.1 760
C * NCONT :RA FOR A13DDRESSIING NONLINEAR CURRENT AN 770
C *SOURCES A ND rEQUESTED) OUTPUT PORTS (SEE dt 73

C_ I TECHrI PEPORT FOR DETAILS) g~~ 3
C * CONTIK) SECOIND CUNTRO' I INC BRANCH NUMBEtR FOR NONLI NEA INN 600
C c"EL'_ ,=NT !,/ S'JBSEOJEVIHTLY IDENTIFIES THE 'SN 10
C *NON1LINEAR ELEME'_NT TYE6s 20
C * TITLE: : RS USED FC.R REA-DI-NG TITLE: AND OPTION CARD <ZNI'l 630
C * NCAP :HNMBER 07 LINEAR CP. 0 'rITORS ',.,N 640
C * NOUS U1,UMBR 07 LINEAR DEPENDENT VOLTAGE SOURCE-S P.,".N 650
C * NRES tUMBE OF 31 0 LINEAR RESISTORS r<M 690 ; Et

C NIND I NUMIBER OF L INEAIR INDUCTORS P.J1i 670
C * NDCS NUMBER 0£ LITNEA'R DEPENDENT CURRE'ZNT SOURCES rr<MN E30

C * NCS I NUMBER OF LINEA CURRENT SOURCESI=-) OF PORTS) '] 830

C ( 20
C (N£0

INTEGER A, BR.TYPEANISCOL, FROM. TO, HEADE-R.OUTPT r.MI; £40
INTEGER R.G.C.E,CU.'U.,CC.VC.TITLE P'>05
INTEGER DB, SE, FSFR.IPC.IAp SZ S30
COMPLEX TH SZ 710

C***** ARRAYS REQUIRED FOR STORING AUGMENTED LINEAPR NETWORK (N s390
C r(l l 1000

DIMENSION ER(7S). NFROMIFS). NTOZS5). TYPEITS), ICONTIFS). KEYI7SN: 1010
C (..,: 1 C o
C***** ARRAY FOR ELEMENT VALUES P.- l9 i N
c " IN 1 erJ

DIMENSION UALUE(JS) (2 (r

C***** ARRAYS FOR NONLINEAR ELEMENT TYPE AND POLYNOMIAL COEFFICIENTS k.,;:i(070

COMMON /001/ NTYFEIIO).COFFCIO.9) ("1 '0%
C ( 100
C***** INPUT AMPLITUDE AND FREQUENCY ARRAYS 1I-
C r' P '-0

COMMON '003' FREO(I1O)bAM'P(IO).THU10flLUNIT t
DIMENSION PHASE(S) ".I 0

CeE*** APRAYS FOR HYBRID ANALY SIS rn co

DIMENSION AI30.75.9 raiS (75,150., HEADER(300), EXTR1IRS.i30). EXTP2r-,,: lrq
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C***** ARRAYS FOR THE FO23IATION OF STATE EQUA~TIONS ANN 1210
C ANN 1220

DIMENSION ANAT(20,20), DBtAT(20,20)p CMAT(25,20), DNAT(25,25) ANN 1230
C ANN 1240
C-.-*** EICEN~UfJE AND EWEINUECTC? rN,'hqYS ANN 1250
C ANN 1290

COMPLEX EUALS(20)*SUECTS(20,20) ANN 1270
C ANN 1280
C***** ARRAYS FOR 8702113 PF2 :r:Fo AND WOR3K XfnlYS ANN 1280

C f~l/ F0I2O'NC i_ NN 1300

CONFL2( CWO!T(20 23) ,CHflT(23, 20),WTI<i(20, 20) ,I0(.2(20, 20) ANN 1310
C_ ANNM 1330

c ANN 1340
CONNOON /0NO/ 153(5),F?!NC(3) 9 HFR(5) ANN 1350

C ANN 1390
C***-** ARPY/S 702 F ZF,3T-02022-. TRANSFER, FUN:CTIONS A -NN 1370
o ANN 1280

CCNLZX "1(23, 10) ANN 1380
C ANN 1400
C*,;*-r G32I475 F0R 5OND-CRDER TPXI3FS3 FUNCTIONS ANN 14104
C ANN 1420

COMPLEX Yi2(235 E3) ,NKZ(23,25) ANN 1430
DWaTSION WO ANN 1440
1N7202 FC2(53) ANN 1450

C ANN 1490
C***** ARRAYS 702 T!17RD7-C2022R 72911372?E FUNCTIONS ANN 1470
C ANN 1480

CONPISX Y3023,120) ANN 1490
DIMWSON 01210) ANN 1500
INTZGER FC3(100 ANN 1510

C ANN 1520
C**- A78Y F0R CCONFLETE OUTPUT SPECTRUM ANN 1530
C ANN 1540

CONLETX '/C 19) ANN 1550
DINENSION FR(I30)v 7PT(190). YLC(1SO) ANN 1560

C ANN 1570
C***-n MISCELLANEOUS H03RK A 7Iqfl7S ANN 1530
C ANN 1590

DIIN3XON ST1(FS,00o, ST2CSO.225)o LN32bo TITLE(80 NPORT(25)ANN 1900
CONNON /019/ 110B2 /0111)ANN 1910

C AN tN !920
CONNON rETYPE' ,5 .C8,IC 0,CC1) ANN 1G30
CONNON /21103/ OP 0.13517ND OS C ANN 1940

C ANN 1930
C***n* EOUIUR'_ENCE FOR PHISE 1 (037Th HYBRID NATRIX) ANN 1990
C ANN 1970

EOIA mEC- (STIC!)lTITLE:(1)) ANN 1630
ENU'Th (: i1)CRYA ANN 1G90
CflJi(Jfl! E (87117), NF720N( 1) ANN 1700
Ef1 1)9 flVAi.E (ST71 (1 1 ),)TQ)(C 1) ANN 1710

EOU7 ti (h (-(2)YFE1) ANN 1720
Ef A (51.(3 01), CONT( 12 ANN 1730
22V ~9i -S1(3 I'( ANN 1740

ECUlU ~I A (-C 1ST(;I45t1:7?( I1 ANN 1750
EVUTUJC (571(53), -:1T21( It) ANN 1790

ZFUT' -'OEC 97 73*2,1)) ANN 1770
2OJI'L c3 soUS(SS),A(A" ANN 1780
ECJTL~ENE(51i7'fl73) .1221 1)) ANN 1000

EOUIUALEL.ZiCE (872, 0: 1S( 1) ANN 1600
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KEY(K)=S AM'N 2010
NOCS=NDCS+1 4" 7,20
GO TO 110 N.( ~0 ,0

C : 40
C***** U C V S ''"il ,050

C104

CO TO11 CN :-c-s
C***** C C U S ~'
C P1Nl 2

106 K EY(K)=4
r';IUS=rDUS+1 0N
GO 70 110

C
C~** U C C S Vl~
C

103 KE','(K')=7 N 1Q
r1OCS=NDCS+1 'J '

C***** WRITE DEPENDENT SOURCE BRANCH INFORMATION ('."N -Z20

110 NRITE (Go223) BRKI)oNFRO(K)NTO(K)TY'PE(K),UALUE(K)ICONT(K) 0
GO TO 120 * &0

C ~T
C***** RESISTIVE BRANCH m: Z:70
C (.Nj0

112 K:Y(K)=5
N'RES=NR'ES+ 1 0
GO TO 113 rVll

C***** CAPACITIVE BRANCH rl;,: 0
C

114 NCflP=NCAP+l r.:"

GO TO 1.18 P. ~
C
C***** INDUCTIUE BRANCH 0-
C -.. 'o

116 NINO=NINO+1

C r.:N 4
C***** WRITE P,LtC BRANCH INFORMATION 4'
C i 1 , 0

113 WRITE (6,230) BRCK<),NFROMCK').rITOCK),TYPE(K).UALUE(K) rN.
120 CONTINUE 7A 0

C 'i 0
C*****READ NONLINEAR ELEME~NT INFORMATIONc
C 0 -0

KK=0 Fl" f 5i
DO 123 K=1.NNELE1 r. N Z=0

rV:; -VV -1 0
C C'7;; ,

C*** READ NONLINEAR ELEMENT TOPOLOGY r :5
C r -S

READ (5,22) NEr,NlN2.NTtICT,1CT 0
IF (NT.EO.2FfTR) GO TO 12S r -s

C 0
C***** REA~fD POLYNOMIAL COEFFICIENTS FOR THE NONLINEARITY P:Vco

156



A MUN 28 10
7(NTJO "3,,) (71 TO !?? H EN 30

(CCFF ) 01--1,3) RW2

T a I R1N -C-4

i2_1 t*.1iN S C30

- RUN 31l0

37 fi RUCN

80:7717 e 7 2 70
TOL<'H ii 20

CB 1,TYE:OTUL~N~-tRUI;8

C RW-:1N 250
pin EL -,1 -lC~q RUN 210

I1 T'.. -(2 RUNll 32 0

1;1 T 7.-il _IONH),TYPE(N),CoFF CI1,1)COFF. 2). COFFRN 280

- , I_ I ,N 2S90
i 1' -. 80F ( -f 3RUN 2800

*l= ! ,Cc(T5.0 1 (8 RUNN 27910
i H)I 0) C ti ( I CG.7(IT. 3)CG0.7(1.9) R-N3

122 CON' RU 220
C RN 7t',40
C-*n' -R o"IN1 '-!77T_-- GZPflC2 ' 2?U-:3ITICN RUN283
c RUN 2880

rorGO -10"' 134 1'. 8. FN S5S70
CDf ' ' ' 1 ~C TO 1 34 R NN 28320

CO' fl T E-1O,22,yF'.ILUE, NFOM. NTO KE, N1N2 .NTZS) RUN 41000
T r ! ]: 1 N I': 40Ll10

ANN -:020
Cl ID 1 _ RUP.N 4030
134,_'7 M8;"-) IR 7%"Y72T CNOOC.TN.ULU FOM NTO.8Ey. NI.N2., ,NT,.2S) RUMN 4040

kNRN 40806
ci 'i RU AN l407
13200 8.7 (-BO. . T7Un'UE NFPON, NTO. KEY, N1. N2,2,NT,.ZS) RUN 4080

re'" 'c- RU 4030
RUNl 4100

123_ I>'' 3' T (tfl.7,TYE.ULUE2NFRO, NTOEY, NI.N2 3,IS,0.O0) RUN 41 10
RUNN 4-1120

UCII IRUMN 4 120
RUN 4 P 40

7 tjn~brzhowd~NT3 RUN l I1G0

:2) -ii Nm : WIN 11 70T
(,UN 4180

Wi 7 UIN -BOO0
14? 0;;Ne~2~ 2,-.(1t( ~3EI 0 40
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IF (FS.NE.1) GO TO 14S Ad1N '12i0
MXI MC=0 rl'2 4F2?o
DO 144 !I1,NFREO N _^' 2Z

144 MXINC=MAX0(MXINC*NSTPS( I)) 42'40
WRITE (9,203) INYPPNXINC Al" 4250

146 IF (MX.NE.l) GO TO 154 1N40
C 7 -
C***** READ AND WRITE SECOND-GENERATOR INFORMATION PN ';c
C P 1 0

NFR70=NFF.EO+l 1;; 00
RZAD (5,248) N1,MN2,NT,2SI1.P(NFRED)FRONFRE)PHAS(NFREO) Pi"' 4'70
IF ((NT.Eg.R).OR.(NT.EO.C)) GO TO 148 P^N
IF (NT.EO.C) CO TO 150 r, "N 3
CALL CXTFRT (NAOOERTYPE,UALUENFROMNT09,EY. Nr29,NT, ZS1) <2. 1
NON=NIND+1 PN ' : 0
NZT1=3 0
CO TO 152 r.11 43 7 0

148 CPLL CXTFRT (NADD, BR, TYPE,UAUFRNNTO.KZY7 N1,N2, 5,NTF2S1) P'
rRES=NPRES+ 1 0.N 4':'0
NZT I=1 ",6 40
GO TO 152 (';N 441O

150 CALL CXTPRT (NADERTYPE.UALUENF,,OM.NTO. !E'i'oN1 N2. 2.NT.2S1) p"0A~ -142 ;0
rlCAP=NCAP+1 0. 'N 4420O
NZTI=2 4, 4 40

152 CALL GXTPRT (NADD *BR, TYPE 9UALUE %NFROM, NTO iK EY, N1.2 935 s IS,0. 0 4' -1430
r'CS=NCS+ 1 P~h420
WRITE (6,242) N1.N2,ZS1.NT 0~4470
WRITE' (6,244) LUNIT 0T~42
WRITE (6.246) NFREO,FREO(NFREO),AMR(NFRE--O),PHASECNF77E) r.:i 44 S0

C u:~ '1200"
C*****FORM THE APPROPRIATE AUGMENTED LINEPR NETW4ORK( (P" 120
c o-, S 420

154 NCT=NOUT (''

DO 156 K=1,NNELEM 4
MN' ELBN(I') '.40

ICON=ICONT(N) :; 0
JLON=JCONT(K<)
NNODDE=MXO(NNODENROM(N),NTD(N))
KEYV=KEYU+ 1
NCT=riCT+ 1 P.;- 4200
CALL CAGMNT (K',N.KEYU,NADD,ICONJCONMCT.BR.NF-RON.NTO.TYPEICON,""I ' X4SI

1 T, VALUE', KEY) el C-:-: 0
15G CONITINIUE 41 0o

IF GM.E1 O TO 158 ".* T " .1
LOSRC='MCT+l o. o
rICOIT ( LOSRC )=LOSRC .2 I 0

158 NELEM=NADD r.;N 4 S 70
C r *1-

C**-* SORT ELEMENT DATA A" 0sc
C (.11 400

NICSzt4ACS 1 '0
CALL CSORT (NELEM. BR, MFROMriTO,TYPE, ICOGT, UALUE, (EY9) rl*P el 7 2

C 4t30
C**** COMBSINE PORTS W4HICH- APPEAR ACPOSS SqME NODE PAIR 1 0
C 72 '0

CALL CROPRT (rIELEMDBRNFROM.NTOP!KEY,TYFE,7'UP.LUE-, ICONT) P~G

C**** CONSECUTIVELY NUMBIER THE EXTRACTED "IEEDN~PORTS cI :o

DO 169 I=I,rIICS (I.: 'co410o
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1. (NCONT().EOJ7) GO TO 133 ANNh 4310
ArNN '320

130 - (Irj'fl(J) .CT.I CJ O0 13G 2 711 4330

C. 70 513) C 7 133 -4'840

iS 9 PO 1%: !CNNTSAN 4870

is", (NCO027(:K) .110.J) 1130117T(0=l gCN 41880
!GS CCNTIII'JE FN11 4330

C AMVI '1300
T!.!13 11 CNCV-r2 P0MT3 FOR THE NONLINEAR ELEMENTS ANN1 4910

Ii)833011i2U132CCLUTTW-TCNJCONT( )) A1TH EACH NONLINE(IR ANN '1S20
AMN 43S30

c~~~~ A 144

DO 13,3 !'=!,,7103 ANN 4030
!S3 NI "'-- P.MT CN 40

: , -i " ANN 4S70
32 'ow AIN 4830

ANN1 5000
~ ArNN 5010

gri11 NN 5020

' I 'iNN 5030
77 G' q~ ' O TO 174 (1111 5040

(K .3. G o TO 170 (INN 5050
T C NP CGS~t O T O 172 IN 5060

(27PK)E01 G o T73 F PAiN 5070
170 A0V" rnN 5080

00, -,0 .7GA I N 5090
172 ' 1 (:"):2 ArNN sroo

174 ' (') =~4 g,"N 5120
17G I:-'L:11 L P,,'I K,) (NN 5130

If'flNI
1  

(INDUN A 51410

lroT 0i !'I-)-12 NC PA111 5150
NWCiTC '%NCOU;t I(NN 5)80
( o-O 0 0 rib 517F0

173 rTW -.0 ) 7 1~ N 5180

1.2~ Pin 5200
'V NC"1) ArNN 5210

ArNN 5220
109) CONTY'' - rin 5230

G) O TO '.3- PN 52.10
Gt Z.NN-~+ A(INN 8250

5, i . S ri11 5230
132 23' 721+"T3Nn 5270

grnN 5290
C* * Tn' ! EI' 17 --', 1- R T7103 77ODES9C RIPTI10N Frmi 53 00

C(INNl 5 310
!7 (1. 'N' PN 520

(Cm' 0

1,, 7- S ('N1 5-0
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228 F0 )t3T (//, 22. 25HLINES2 7LrIENTS) r11 IZ
220 80O.) zfl 'HOG0ttM 4X, 4HFF2ON. 32 , 2HTO9 5X. THE:L7_E)IET, 3M. THELENMENT, [I"r -

i1 11 (HC111203..' 17.3i 23,4.1-OE 2X7<.N DE,03 3M. 4H-TYFi E S2. <, 43C3 C 0
2. 4:, CHUOX^, iC)r

222 F'0I\NI (1H, G9(1!H. ),4,, .4G( H. ),22'> 1:1. ),4X.7(1.. 3X,7'1:1. .3X,7( 1H2 0,30 -21

224 FO-MiT (,2T2PIl, 2.)3 r"': c 7 1
226 00I Tw (213.0i*2,E10n, 3, T3.,1.1) 1 -0
223 RFI~b 2,r, T 1,G , , -1:3T72.024X, T10.3.,SMX 13)('rcf
23--0 F 02r27 T 3 , S2 , I 3X, 13, e7%4 2,4,E 710.3LI
232 80211471 (213 02,m 2T

234 802114 C 3)I ~ '

233 8027 (21!A/703

233 8021147-) (21. 2 Vi3 <i 1r
240 F0)T Ll P' 20  117011 7 AT !,,, I N
242 802247J (HO.) "CVOl. 2". 13. 2<, 0:-;10, 22, T.3.5X.211111?PEDNE.2X. EI0. 3.31'SX

244 FO;T (1(!0, S!-, 7?t-tC7 5'<.SHUSrLLFE( .A3.1IN1).X :.XI?-1I TUHE. 4.0 H2:: F- c2l

24 F0j4, FJ-1 11T>Ms(:.,2,G1 ) C 31,,-
250 F.103 ORt11 c(Zm..2

252 FOPROIT ( I<w ', 1"i 32 7r2 ELEt'ENTS)..................t
254 80211 'F (I 10 2, ',.-Fi Pi DN3,, P17C),, £2, 41TY? X, 4M. NONT2L, SM. 27h?03\NC Y

1 LCO F1C l1 co, /11-. ,' .2.X,4:1113D -E, el ,HODE.-7 11 " 3H C I )5X,3H-1(2~ 11: C
22' 4 ( 1H ) al C 11 )" V 1 . ),* 2:X, 11 1H-. 3,3 23' 1:1. 1

233F 7.) rO fli C '0. 1 2X, i-2 "':< 62, ~:,31=22 ,%22z24 23 .

290 80747T (!!1 23cv0-zo42,nl=:_.4. 2X 37 2.

292 F80231, liX 11-10. 3X, 12. 6X. £2. 72.40,2, 3:X. £-2, 3. Y12, 3X 4:-A10 r= E . 2:.2% 2

1 12. 4,2 . HA2 0z,1 2
. 4>2

2.94 80210 (.-t-' 12,33-'43011E1178 311194 DES0CRIPTION7( ()'
283 802o:!4A 2 3 2.£.2 37<.lo2o33 2.<
2S3 F02314T (iHO,!lTHPOhT ESINNNS ./10,:.4-231 02 23920 I'

1 .3;<. GI-WIUNB3EP. 3 X,4117RO,20:,2>CVF 0.111 .31.13(1H.. 3< 1, 4 -1. (
2)F. .

270 8021147 (G1, 12,5,12, 3X '2) c E
272 FORM1,WT (///,S'.41 f) 1147212 FX C -.:
27-4 8023147 1110,4013) 1 C, F

273 634 '. 12H1 EICENUALUES) i

278 7021147 ('2 (-X.E12. 4))
28(0FM 802717 1. 1 1104311421) r
282 802141 '.(2E12. 3. 3X.E12.3))
284 FOMT (IHO,25HTIfiE F0R F021115 20C(EEC).210.4) i F (

283 800114 (HI- .3SHTIN12 FOR2 03TOTU116. OUJTPUJT3E0U1( 2.4
283 8021147 (1!-I .2511TOTA' E7CECUTIOil TT2E2EEz,-C>3,10.4F C F 1.

c

Elr I-
8LDOTI 071 T73D.SMSHIR.C4)i I

o*** k,..' P7'7 1 H

C* TL 70 7 F-2024 (7821 2 f30.1' 2710
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£ * 17 FOR3 ~f3L 0 F.770U:-NCY SWEE7P *B0? 120
13 n: ;j 7!CJ ] Th INPUT SOURCES) *EDP 130

C 740 T35 ?0 STT -OIN?~N UT :EDP 140
c Ni w-'1 n Tri35 702 - IG NU-MLU 1i G ENUEC TM *130? 150

L -'1NF012'TIONF?2T-0'JT *130? 160

c0.- '0.Y MTT-0,ji *EO? 180
C 237Lr FOR~ 1 CON'__--TE S?;:CTRUNl PRIN7 *ED0? 180

c (30 1 E:Q O3P 200
np FL ?r2U;j, 2L 707 'KILL" PORT P2RINT-OUT *130? 2 1 0

c *ED0P 220
~*~-~*~***************E0?D 230

c 130? 270

130? 200

K.:1E0? 220

E30P 240

PC EOP 370
f 130? 30

-7-FT7 7LnS 1U 7T3L73 UI^LU7S FOR THE REQUESTED OPTIONS 130? 390

no 1 0 7=10 130 410
.1,T 7I "130LO 420

^P_ 13 70) 122, r130 4230
;.-0 13 TO 102 E313 440

t;fl 0 10-1 130? 450
102 *. E 130 480

(7 10 3013P470

104 -- TO . 3 i03 EO10DP0 480

t1.) 70 1. -_ 130? 510
10 .'F 10~E.:~,~ O 1!0 1302 520

co O I 1a 130? 520
i1 if) 1'-1 E30? 540

-00 '1 1302 05OP 50
LI ( ~lEOEH Go13 TO 114 LOP? 15860

T)1 7c 1s L0? 570
I~D 1')130 50

11 0120 30? (G10

M1 130 :, 13C 20

LI)~~c, 51 1010 120

TO) 10 Lop G30?135
i 2, OP 8(30
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128 IF CIDUM.EO.2HPP) AlP=I ECP 720
130 CONTINUE EDP 30

C£0
C***** PRINT THE OPTIONS LIST 0?P 750

132 WRITE (6,124) F1P?1 (0
!R I TE (6,12S) LANS(O) EDP 0E
WRITE ( G,12 3) LiNSCFS) Tfr fl -'s
WRITE (G, 140) LflNSMUIX) £0P SOO
W,!RI T: (G. 142) LfNS SE) Ec? S C
WRI1T E (S, 114) LRINS() E 11pE2 0
WRITE ( 6,143 LRNS(R L 2' O
WRI TE (9,140) _AS(PC) F C 
1.RITE (G.150) L r'((AlWF)1-
RETURNL '

CL
134 FOPH4T (1H 0 2E33HUJSE 7,7REQ70U E S TE 1 P00TOS) 10 N C
135 FORH4;T I1I .2X, 1S-! 1E2UD PR -ANT-OUT: I,<, P13) F.W
133 FORW'iT (!!- 22T;-!7iFEOUE7NC SMEP OP:OILITY:, 1X.43) J C'l

140 F OR; 1-T (1W , 2%1 !SHT!0-NPUT CIRCUIT: 1. 3 1 --
142 FOMAT (1W- .2'>,2515TnTE EQUS.'-iOM' IRN-OT , X,- '
144 FORMAT IJFI , 2'X,SHI-fCWUCl'JESU :1iOZ R T!I, PR INT-CUT: I iXA3) i P ~
146 FORMA4T (IN 2X, 4O:OPE1-CI-RCiIT IrPDF;EA1W INT-OUT:. 1% 43) C0

148 FORMAT (1IIH.2X, 3OHOM PLETE OUTPUT SPECTRUM PLOT: , 1'11.A3) Cr1) SO
150 FORMAT (I11- ,2X,2TH.O-LL EXTRS iCTEO POR T OUTPULTS;, 111.03) I1 0

C C

ENDT
SUBROUTINE CrOCtlNT (KJlIKEY, NRDO. ICON, JCON,NCT,2?V:,FRONtNTOt TYPE *1Y T[ 0

ICONT. UALUE.v KEY) C. I::

C H

C****** THIS SUD-FfOROT PERFORMS3 THE FOLLO'12 FU.!CTIO.X: u
C * 1. FORM THE OU~ETDLINEOR NETW ORK 3YLuINTH
C *LINIEAR PART OF 040-ItIOLIEO ELEMEN'T !11TH THE_ 20r' J
C EXISTINAG LINEAR [NETWORK. FO £
C *- I r"
C*** THIS SUB-PROMARlt USES THE FOLLOWIING SUB3ROUTIN:. ~
C 1 . C,>TPRT Y''

C**n* THIS EUB-FROGRO;1gS CLOSS1RY OF FOROO NOnES: C

C * S : -US ? SOT_ C1F _ED B240 E :IH:U.".7ER FOR THE Z-TN H r~ iu

C * :NLIirO BENNTF'
C * NKEY K UA UE FOR THE NOLIIS LE 'ENT POR T Z04Nc&. !, C
C ),C OO : Iu? H 'II C!-!ES RR>Z: I L~ UI TH LI? rr R
C*

c I1CON !' '0 '~'T~TTC:T3u2 ;9 I

c * O C":-T 'FCZ2 HT 2327 :UI1SE7 L'C
C A PROY NANES3 iS P-7110 INt3?, j.

C '7

INTEGER FR.7P,C.-E .Cli.K"TV C
='ESLF E r) i, f; 77: 1' m *v7,Y 7rC,0711I

COgMi;MON 0'1) 1'1pT2t ,C? 10.2n
cor-TIOH /017, £20: f2 O fC
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COMIDNI /Z-NS/ NCPDV1l3N:S.NNDDCS9N'CS CAG 340
DnTh CPL,CcI2:-l C,2:1 L,2H: G,.iUC,2H I/ CAG 350

D Iq~t HNL/N-'2H;*!~'L./ CO1G 360
CCAG 370

C*-**'^??' \' 0 Z7W.0-t~r-0LUJEf CUOOENT E0U27Z-: nCROSS THE NONLINEAR ELEMEN~T LCG 380
C CAG 390

VI - "7E N) CAG 400
y _1 )=- CAG 410

V^Y" U7 (11 0. 0 0 42

K 7' () "YCAG 430
t'CilT (T' NICT CA0 440
r'CSl !C CA0 450

C CA0 460
C*-CH-C:' 0': n __Pl'P-7D5"T CP.GT:E. f 470
C CA0 480

fl7 'jI~_.02 G0 0 20 CA0 490
t' 7 - - 1CA0 500

CnA- 0" -FT 1 TY7'!J'7173,C~ 1-,NTO, KEY, N-ROM (!CON) NTO( ICONCOG 520
20 0.K' .0 COG 530

CAG 540
U"~ '~'"f~fl' ~CA0 550

1 7, ri 4)7 7 ::K.Y COG 560
S~-2TCRC 570

r."CR0 530
t I C -- CR0 590

C.. C2 ' 7OT (~0.£TYPE, UALUE., N7-PO. tTO, KEY NPR0M CJCON) ,NTO (JCON'CAG 600
i 7 3 00 0CAG 610

CRC 620
NCO* 1 T ('-77CRC 630

C CRC 640
C***CO2~ETHE -INZR~ PA:T 07 THE NON1L-iNEO:RITY WITH THE LINER NTWK CR0 6-50

C CR0 660
T(COFF(:(,2).Efl0.00) GO TO 102 CR0 670

COl.L C2-TF:OT (Nn00,£2,T"yP7' RUE,-ZPNFR0l, NTO, KEY, NFRO1(Ni) NTO(N), 89UCCA0 630
i-C077'82) CR0 630
I c 0,: I O)~CTC'() CR0 700

;'~V(!'):0 CRC 710
D r-,3: -;17)C S i CAG 720

102 (co07FK2El0f0 PETUIRN COG 730
C~fi o~m7cmo, C. TOE.uRWE NFROM, NTO, KEY, NFROM(N). N~TO(N) .89 CCOO F40

i c07Fw~ ("I RC s 5
IC0 T (NDJ1) .IC;T (,N LAG 760

CR0 720
r -: T 7i ICRC 790

c CAG 800
C - f D P _7 N-NT TYPE NO0rLINE"RITY CR0 81.0
C CRG 620

101 T7(COFC7(K.).'E.0.00) rETURN CR0 830

UI',().OA G O 70 103 CAG 650

2CCW~K 1CRC 870

10S OLL2T2 (I l.EI,"7TY ":,,)UE-,NPON.NT,rEY,NFROMl(N),NTO(N),2,CCR0; S00
1CO7fK ~)CRC 310

CAG 920
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.103 P~cvnL=: O 9-0 1) CCP f" 9
On').. ~ ~ '"U7 NFr'-'T N-.~: vTh UN f%,O %YY7~NlNTO(N),r39 L,

0U2Y97 1 NE 7- R D227 N22 n22 ,N7 NT2Z2 -0T, "7Y TYPE-D , UUE I OT L! ', 7

T1i l L l S P13-2222 FE,"0: s C'

c 2. CG2:13: :2222) Th' 3

rl- c7 ] '5~"- m wsi

('l (]7 :7* ID 771

c o "~ 1) G '"~ S, 1 ~ -o rPi,:3:T :
J:c20C; Ql

.0 Co7.F0

1 0 4 1 4 : ?1 
3

5-r:

- ,fl-' V.

* Ir"'3 TO ')CUT *
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COD 3S'0

L7 L . +V, J cO 121 CDc 50
CrD 570

7c COD £ 1 30
-CO D C3'O

I'CD C O
7CR0 CO

CODr 0
(2 . COD-i72
CR009

DCOD coo

M~[D 0 ,

RODl 60
? 70': CPTD V20

OD S, 0

c CO7D 430

7u),-13, 'CSOO £30

-tzEATTl CJ £2-0
CR0 £20

7 CoI 3 £40jj-7

T.W,) 7) ('N 2057 C(

16740



II, TEGER ER,TYPE CST 0S
DIMlENiSION [2C1. NFPOM1) 1170(!), TYPE(1), ICONTCI) S7 Loo

DI1I7 ENSION JFLUE (1) CSi 210
LTII"NSIONf Kr?:!)_ Cs' E20

102 Ju2*J CS7 c50

CST E~ [ c: 0

104 vF (v.rTJr;vL'_' [O TQ 10 2 [5, GO
LL:!- [Si '0

IF(EY1).EK[L [0 TO 10S [cc 0
I TEI IIEU [ST ;o

KEY CL) T YE;Y [ S 0
I~l'V CST 1 0
V; U tK IeLl [ - 219

(4L CL ) 1 [,7 CV) , 1

[30:l )R 0 1 CST v )

N 1' W 1 (1 ,- - C S 4 L0
tIPP01 1i (L [5 ."C

TYP'UU)7, C

I T[ iP TU C ,i: (D Pc-
ICOiIT(tli 7,0 'i'L)

IF (L. T. 1) [0 T3 lC l CS
I T

G00 TO104 0
106 !-=L--I_

r lzNJI1C

108 RETURNC C'

sucp00rmE1 CNTF2iT (J,P.TY,UJ',liLL2l .NrJ'3.TO.(E:Yt,r1'3KE:YU.NT,T EI rr
C

T H
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4

C * ARRAY NAMES AS DEFINED IN SUB-PROGRAM AMAIN *CPT 150
C *CPT 160

C CPT 180
INTEGER ERTYPE,C,-,E, IR,G,IUCU,CCUC CPT 190
DtiMENSION £R(!), NFPOM(1), NTO(1), TYPE(!), UOLUE(1), KEY(I) CPT 200

C CPT 210
C***** ADD A R £RACH CPT 220
C CPT 230

J=J+! CPT 240
ER(J)=j CPT 250
TYPE(J)=NT CPT 260
nLUE(J)=T CPT 270
NROMI(J)=I CPT 280
[TO(J)=N2 CPT 290
EV (J) =(EYU CPT 300

RETURN CPT 310
C CPT 320

END CPT 330
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SUBROUTINE DFTREE (NROAJ.NCOL, INUCOL. AMV) DTR 10
C DTR 20

C *D~TP 40
C****** THIS SUB-PROGRAM PER.FORMS THE- FOLLOW4ING FUNCTION: *DTP 50

C ~ 1.FIND TE PROPR TREEFROM THE INCIDlENCE MATRIX. 0h 0
C * *DTR 70
C**-*** THIS SUB-PROGRAM USES THE FOLLOWINMG SUBROUTINES: r.DTP s0
C * 1. DIAECH KD7P so
C *DT 1OP 00
C****** THIS SUB-FR0GRAM;!S GLOSSRRY OF FORTRAN NA'cES: cDYP I 0
C * NrOW NUMBER OF ROW4S IN THE IN'CIDENCE (A) MATRIX~ *flTP !l0
C * CDL NUMBER OF COLUMNS IN THE-- INCIDENCE (A) R1TPX*DTP 0,

* INOCOL INDEPENDENT COLUMNS OF TH-E A MATRIX *DTR "0 e
C * DTP i 0

C DTP ir7
C SUBROUTINE DFTRPEE Tf' :<S THE MqTRIX '), APPLIES SU3,ROUTINE7 DIAECDTP I'0
C AND FINDSc THE IOPNETCO'LUMNS I A CLOSEST TO THE LEFT. DTR !SO
C THESE INDEPENDENT COLU".NE' NIKE UP THE TREE BRANCHES. VTR 200
C DTR 210

INTEGER A, !NDCOL W?0P4), COL TEMP DTR 220
DIMENSION A,71U, 1) DTP E'30
L 1 DYF? 240
TEMP~I OP -1 O.5k
CALL 0 IAECH (NR0W NqCOL.A, MU) DiP ES0

C E_ ,' E7
C STEP THOUGH ROW4S D R ES
C ETP 0S

DO 104 K=1.NR\O!4 llP 0

C STEP THROUGH COLUMNS DTP N)-l
C CR1p -O

DO 102 J=TEMP,rlCOL OTP 0n
C DiE? ~0
C FIND INDEPENDENT COLUMNS DEu S
C DVIP _I 0
C TEST IF ELEMENT EQUAL TO ONE DOP :.8
C D -, 20

IF (A(KJ).N7E.l) GO TO 102 DT' 400
C D7P 410
C RECORD INDEPENDENIT COLUMN NUMBER OPT 420
C OP- ' , 0, -

INDCOL(L)=J !-,- P 'Ao
L=L+1 Dr1p _;5n
TENP=J-+.l DTP 0,C
GO TO 104P 1r 0

102 CONTINUE TT S
104 CONTINUE DF S

RETURN DTP -,
C IP -1 5O

END DR E20
SUBROUTINE DHYERD 'NR,NNOD -,DEBU. NPORTI.ANSCOL,I1.ERPTY'PEICONT P!; 1.0

1UALUE., Av HEADEP, iONS, F3, FG. MU ME) ES') E0
C U'-13 0

C*****-# THIS SU-POEOM PRFORMSn THE FOLLOW-TNS FUNCTIONS: P:l-T JI CO
C * IPEGWHYG2I O13 SI OF THE i4UG,'lENTE':D LINEAR CKT. 4P: T (I
C * 2. PET f)3 THE E-ECUI~tIE CAOLLING PROGRAM FOR PERFORMING i* 0V CO
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C * THE HYBRID ANALYSIS. *DHD SO
C * *DHD 100
C****** THIS SUB-PROGRAM USES THE FOLLOWING SUBROUTINES: *DHD 110
C * 1. DFTREE vDHD 120
C * 2. DIAECH *DHD 130
C * 3. DPRINT *DHD 140
C * 4. DRAECH *DHD 150
C * 5. DPRNTI *DHD 160
C * *DHD 170
C****** THIS SUB-PROGRAMXS GLOSSARY OF FORTRAN NAMES: *DHD 180
C * NBR : NUMBER OF AUGMENTED LINEAR NETWORK BRANCHES *DHD !SO
C * NNODE : NUMBER OF INDEPENDENT NODES *DHD 200
C * DEBUG : DEBUG OPTION FLAG UARIABLE *DHD 210
C * NPORTI : ADDRESS FOR LOCATING FIRST COLUMN OF MATRIX A*DHD 220
C * IN THE HYBRID MATRIX *DHD 2S0
C * ANSCOL : ADDRESS FOR LOCATING FIRST COLUMN OF MATRIX B*DXD 240
C * II : ADDRESS FOR LOCATING FIRST ROW OF MATRIX A cDHD 250
C * ALL OTHER VARIABLE NAMES AND ARRAYS AS DEFINED IN SUB- *0HD 280
C * PROGRAM AMAIN *D-!D 270
C * *DHD 280

C DHD 300
INTEGER A, TYPE, ICONTUHCHDCOL(75),ICOUNT(2),COUN,BEGIN,TEMPST,TDHD 310

IN, TP,PORT, HEADERBR,RBR(75),ANSROW,ANSCOL, DEBUG, ISTP 0;0 320
INTEGER R,G,C,E,CU,UUCC,UC 0H 330
DIMENSION ER(1), TYPE(1), ICONT(1) DHD 240
DIMENSION UALUE(1) DHD 250
DIMENSION A(MUI), HEADER(300) DHD 360
DIMENSION ANS(ME, 1) DD 370
DIMENSION F3(NE,1), FG(MEI) HD 280
COMMON /ETYPE/ RGLCEIS,CUUU,CCUC D8D SO
DATA CH,UH/IHI,IHU/ DHD 400
DO 102 I=INBR DHD 410

DCOL(I)=O 080 420
102 RBR(I)=O DHD 430

C DHD 440
C DETERMINE ELEMENTS MAKING UP THE TREE DHD 450
C nHO 460

CALL DFTREE (NNODE,NBR,DCOL,A,MU) 1HD 470
C ri-;0 480
C REORDER A MATRIX INTO FOUR CLASSES DHD 4S0
C DD 500
C 1. TREE PORT BRANCHES (TP) DD 510
C 2. TREE NON-PORT BRANCHES (TN) DHD 520
C 3. LINK NON-PORT BRANCHES (LN) DHD 530
C 4. LINK PORT BRANCHES (LP) DHD S40
C DHD 550
C DCOL CONTAINS ORDERING OF A WITH TREE BRANCHES IN LEFTMOST HD 580
C COLUMNS DHD 570
C 0HD 580

JJ=NNODE+2 DHD 590
N=l HD 600
nO 106 J=I,NNODE DHD 610

M=DCOL(J) DHD 620
DO 104 KN-I,. DHD 630

IF .?f1.) GO TO 106 HD 640
=]L, J' -I DHD 650

,~ '. HD GTO
EHD GTO080lf 680

.i



110 203 !=NNER DHD 630
10S DCOL(1) i 080 700O

C DHD 710
c CS2D~r DCOL INTO FOUR CLASSES 080 720
C iC0UNT( i) lliRKS LAST PORT COLU MN OF TREE BRANiCHES 080 730
C !CO'UNTf'2) 8RSLO(ST NON-PORT COLUMN8 OF LINK BRANCHES 080 740
C 1)80 750

ICOUNT(i l 080 760
I T24iN02E,7 080 770

110 Do I218 5

± 2i~ u tiN)11-1 810
7F (TYE TENA) N7.7. AND. TYP7(ITEM1) NE. C. ANDl.TYPE( ITEM).NE. L. AND080 820

I iW :i)N.s GO TO 112_ 080 830
ii th=CONci) 080 840

0C0Ll~ 170(ITiI1D08 650

112 CONtf-1 1 a' 1)0 880
1 O.21 CO ITO 114 080P 690

TCO'UNT (1 ): -OUNT(2)- I oi-D Soo
! COUNT' (3)N1) 08 10

I T2~i1-NNOE HO 320
01-1 £30

CO 70 110 080 940
C 080 350
C F:O2TGP 71-7 A MqTRIX 080 THE ORIGINAL LABEL VECTOR TO 080 SS0
C C702758711WI TO THE REORDERED DCOL 080 970
C 1)80 830

114 NNI- 2080H 0
N=1 080 1000
6:7, T~ 1 0Dli 1010
CO-T= I 080 1020

116 !T ;- -CL11 n080 1030
0.-GIN) GO TO 120 080 1040

080 1050
C.

2
'i 1 s" T8 , 7M D 1060

F2 R8 080Ti"p H 1070
D0 1, 13,W 080 1080

E72 I£8P0HI 109')
)(l 1 jiEM) 080 1100

118 0(i, T 'fi i 080D 1110

070'_ WI N 20 NI 08 113')
N -i -i --N 1DD;140
Go la ''6 080 1150

120 000' (t1) 07DZI ( N) 00 1160
17 FC~')(~ ) GO TO 125 080 1170,'
DO I U.N 080?DH 1180

Ti (1 0 -0 T1n~ ) Go TO 12'2 080 1200

,. G l O TO 124 08011 1210

;: 1 08 12301
CI1 TO IC 0S80 124nl

122 [0171-701 3-1 080 1250
PY-01 ii iJL 080 1260
f ot DHD 1270

124 CflNYt 1iU 080 120
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23 PO 12. N-!': Dm  OD 1290
223,23 (DYlJDON)DD 1200

C DD 1310 i
C PRED_£1 1EDEE2ED A MA3TRI X TO ROW ECHELON FORM ODHD 1-;2
C D )i 13 0.

A.L0201 ND,12? .IU DD 124,0
C 01-il 1350
C r0lc: £UDS-77TTUTI 0 r11,7R2 DPD 130
C DD1 1370O

n0 120' T12.22001 DD 130
77' DD 1290o

DO e OD 43

C ODD 14520

C ~ f, 131THE 1 CDXIOCTERISTICS EN:D !-',0
£ DD 147 "0i
c TP S) 0- 70'_UINS IN F1 ANT) 25 ODD T 1430

S i 'i '11!- OF7 £:OL-UN IN -2 n,':0 z"3 ODD 1430s
c 3 TI:P- l 07 COLU;18s3 IN F3 AND0 F7 DD 1500

-'T;i1?0 0081 N401 3 DD 1510
c DD 1520

TP-~'W 1) DD 1530

Ti:>17- DD 1510
Up ) DD 1 S50

CG'Ji;'f 2)DLI 1570

OL;D 1!-S

DH 01) 310l
rg2 0 122 DD IC20
1)h GO070 132 r. HT) 1f731)

iJ- I, 1 . 1 (1 Oi).14 . TO) ODD U 0

I3
0 P ' F, en rn 10 P 1 7D 1WC

-' C TO 124 0:11'' 1)

1 ~~~ i E'I) J,OE It N

~ 0 TD 1-3 P n14

12.:, DO I i

1,1 ;7, T ~ j11311
P3 DIDi IO TO 120'

'1 r~' j. I'.112) 1)D)
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KOUNT=ICOUNT( 1) DHO 1920

K=OCH 0 2 10

DO 146 I=1.NBR r:-:o I 220
ITEi1=BR(I) NHO 122

14G RBR(ITEM)=I UHOD IS40
IF (DEEUG.N'E.1) GO TO 148 1220D 1 E30
W-RITE (6,222) 77,TNLNvLP P!HO 1230
W-RITE (6,234) (SR(I),I=l.TiBR) £20D iS70

148 KOUNT=:OUN1T+1 121:0 1230
MM=D~COL C KOUNT) iss223
ITEM1R4CONT(MM) IJHD, 2000
ITEMP=RBF ( 1 TEMIP) r10'c'- 0 aio
IT I PORT+J £l:1 2 k P2 0
IF (TYPE (tlt).EO.GCO.TYPECIMi).EQ.LC.OR.TYPE(Mt1).EO.CC) GO TO 152 £20 203

C r: -:D 20e 0
C VOLTAGE SOURCE TYPE f~ ,-30

IF (KOUN'T.CT.NNODE) GO TO 150;-o20i

C F2 L 0
C : -: "Ii0 0

I T2=LD'+J r': L 1

IF GTYPZ(MM1.EO.CCJ) GO TO 153L 0
Ir (TYPE(1121.EQ.UU) GO TO !9S E!: 1
FG (J.J) =-IUE (MN) Fr: 0 '
GO TO 15G £0 1 f

150 K=K+1 I

IF (TYPE(rM).EO.CU) GO TO 153 1fl ?1
IF (TYPE(NN).EO.UU) CO TO 199 L i] 2 u

C F7 :'
C 12'-7 0

APNS( IT1,K)=-JLUE(N11) E!12- Ee 0
GO TO 15G F11 250

C CUPRENT SOURCE TYPEC

152 IF (KOUNT.GT.NNOOE) CO TO 154 DX E'

FS(J.J)=1. Li .00

IF (TYPE(NMi).EO.UC) CO TO 169 L3- .l
IF (TYPE(111.EO.CC) CO TO 158 ILD 2:_-, I.

C E;-D
C F2 r Xn r
C P U.:30

IT2=Ltt+J E S;o )
ANS' ITt. 1T2)=-'JA1-UE(Mlr) C T
CO TO 159 £40M soE

154 K=K+l 12- i0 20
C D: :',1 00n
C F7' it ~0
C n -o ?30

ANS(IT.K)=I. r'j- E-,10
IF (TYP(MM).EO.UC) GO TO 19912'o4
IF (TYeP'34(il. CO.CC) CO TO 153 l!:D ^,L 0
F3(J.K' )=-UALUEMtM) LI S

156 J=J+ I LU , 0
IF (KOUNTJINE.ICOUNT(2)) CO TO 14a C: D iI
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Go To!74 HD 24S0

GO O 14 HD 2500
c DHD 2510
c CURRENTr ONTROLLED 080 2520

15 lF (ITEMP.GT.TP) GO TO1OD23

75 081 2550

HD 2580

AlS TT1, T2) =-U LUlCMM) 01-10 2590
GO TO !153 DH-D 25600

IF90 T7 (IT7;'P.GT.VNOrDE) GO TO 192 080 2800

73(J, DH08 2620
GO TO13 0 

23

1G2 --F IT .TT2U(8)GO TO 194 080 2640

T731iit,-11N31_ 080: 2850

ANSC 171, I7T) -O, LLE'h OHM 28904

GO 7O 
D23 1280 2700

!64 ITyL7h-7;lTC~l~t'-2) 080 2710

C 08 2720
73 080 2730

C F33DHD 2740

T2=NBIZ7+7P+17 01-D 2750

P1 TT1, -.T 2) =-IULU(MM) 
01-D 2780

GO TO '-53 
080 2770

c 
080 2780

L:0T~G COHTITOLLTSO DHD 200

c 
080 2800

199 17 (1TEmPC7.71.T) GO TO 293 080 2810

c 
080O 2620

F- 
D1 08 2830

C 08 2840
c T2ND+1712 8 2650

~71 TI, 2'f) -jFLUE (M,1) 04.0 2880

Go TO 153 
OHD 287(1

163 iF (IT 2;..GT.1l1OD7) GO TO 170 DHD 2830

IT J2-TP01-1 2390
COI Pii 900

c 72 08 2910

C 081 2S20
c 172=Ul+-T 080 21220

080 2940

GO 0 01-10DH 2950
0 TJ; -702 080 2960

170 TI T:,; 7, . COC'JiT,2)) GO TO 172 0028

731 LU(~i1D08 2S80

Go 0 
08 2990

!72 
DHD. C~i(2 8 3000

C 081 2010

F UA 08)020

72 P;? 7+7. 
0780 3040O

( 7'.* , --
80N 3050

174 Fm, - i* ENZ 1GCO -O 19S CHO 30--0

S(uI Eo 0) GO TO 124, 081 3080
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C PHD 2060
C WRITE F3 FOR DEBUG RUN OKO210
C o:X:D .,:io

WRITE (G.286) mi-:n12
ITI=l D-0 T!"30

176 IT2=LN D '14
IF (CIT2-ITI).GT.1O) GO TO 180 Ci~j) - 50
IF (1T2.EO.ITI) GO TO 184 0]:D E80 r
WRITE (6.283) 0;; 31T0
DO 173 I=l*NFORT DXD 3o

178 WRITE (6,290) CF3(IJ)PJ=IT1.1T2) CO £
GO TO 184 C-fl 2,2 C'0

I80 IT2=ITI+9 .v-'L 0u
WRITE (6.203) CXD :220
DO 182 1-1,r.:PORT EX' : ~2--0

192 WRITE (6.290) (F3(I.J),J=IT1IT2) Pu-u 240
ITI=IT2+! TD 2
GO TO liGCi)I

184 IF (TP.EO.0) GD TO 194 r 0- T<) 0
C E:- D 2-D
c LURITE FG FOR DEBUG RUN T, ;.) _',2S n
C r- , p o o

WRITE (C-292) CD:T 1 0
ITis 1=-; r: 20

18G IT2-zTr :,: o
IF (1IT2-Ir1).GT. 10) GO TO 190 nF ~
IF (iT2.EO.lTI) GO TO 194 ElT -Z0
''RITE (G,233) E
DO 183 TI.LPORT T. '7

I88 WRITE (C.2913 (FG(IJ),J=IT1.1T2) El :,)
G O io is;

190 1IT2~1 = 1 T1+9Pi) (fi
[!PITE' (6,2S3) 0i~
DO 192 P'_ I'PORT L- fl 0

192 WRITE (G,290) (FG(IJ)*J=IT1,.T2) ri HD l
IT1IT2+1 E:-::)'iJ , 20
Go TO 168 E 4250

194 WRITE (6,294) C U'£
CALL DPIIIT (ANSCOLiN5PDWAri3,t1E) C 0:

C Cux S
C ZEPo OUT FG TL Lu -:Sc
C F::.3 , , n i

19G IF (T1. EO. 0 GO TO 206 Ci) : 1"
DO 204 J I .YN P

l1'=-TF P J I!:. i f

00 204 I=I.iFOPT 00 ,ri
IT 1=PORT1 I lfl, t-, 1)
IF (LH.EO.0) GO TO 200 L-'U 0

C ED 1
C CH~rIGE F7 ILT -- o

DO 193 K=1.LPI P 1'0
L K: '-I iOD + l 0 E

193 ArS ITfl' ' fSIIK'-F(,)FOA((KL )
200 IF GO.O.1C TO 204 7

C CHIF)SSE F8 P: TIz J
C n:'l~ .

DO 202 11=1.1-P 11: M22
LIL'ICOUNT(2)+< P: D1 0ED1
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TT=NrDR+TP+K OHD Z3990
20? P.NS(T!,F7T2)=A N3(ITI,IT2)-(FG(1,J)*FLOAT(A(KK,LK))) DHO 2700
204 CONT1F)UL nDX; 710

C DXD 720
C ZERO OUT F3 13-ID 27 30

SD,:D 3740
20'a 1 (LtU 10.0) CO TO 21S CHO: 3750

DO2 L7-'r) 07G

DO 24 7 1, iPM CH 70

7' ]1'D L, SO

(T10 Fl 1) CO To 214 ELi 3800

C CD 8 0

DO20 TN *:-:: o 3:o 0

214D 2147'~ 1-;T -1
C1 1220 0CO:)=0

D :-:o H-30
c1- Wi-t71 COINE TO 213 CHO ""

213~~~~~E-T VC II It' .7T7~.)C T 2 U

DO 2 ) :71,T 7 ii:. 1 2 F '12 0

2 i 2 ' (,'3, T!,l OHO AS'71 T ) F(1,J*7OT -(K K :! 470

1 121-] 11

C 1-0 :4S2']

c D+1) 410 f
13 2,2 T~Fl?: i DHD 410

ED0 L; I:02 DHO 4120

22)r;(1 DD 0i CO CO21 43
C 2 1C;12ilr:- 0 70

I2 -'TP I'OU ;,: CUr: D 41,

c P-mD 0 1 3fl

223 Lf.1 3 PHD 4)20
2 .T f () F ll)T 240-:D 4190

224 S j T -1 !PD 4177

L'D 7 7 (* ,.:7 . o o 22 DND 42?



C DHD 4'i50
C STORE UNIT MATRIX ABOVE F4 DH-D 4300n
C DfID 4210

II=TP+1 IDHO: 4 320
DO 232 I=II.PORTr EHD 4330

LD4NPCIRT+I Ct-D 4240
232 ANSCI.LD)=1.0 Ct-LD 4350
234 ITEM'P=TP+I C:-:D 4230

LF=LD+ TP C;ID .7
LE=LO+ 1H 3mn*s
IF (ITEMP.GT.PORT.OR.LE.GT.LF) GO TO 238 EH U,01

C C' -*)4

C STORE -D2 TRANSPOSE
C E 'D 4 2j

00 236 I=ITEt!PPORT j)
JJzI--ITEMP±ICOUNT(2)+1 LI-U

DO 236 J=mLELF [H D 4
!IJ+1-LE IDP:- 4 Icl

236 AN S I. J = -( rI I,J J E.L D
233 LE -LF+LF

LU D L F + ILi.
IF cTP.En.fl.OP.LD.GT.LE) GO TO 242 U-ID '4"%ij

C LI l
C STORE D32 LJ
C ID -U fTh

DO 2,40 1 =I. TP DX' U 4L;0
DO 240 J=LDLE CHID 5 cl

t' -I COUNT i2) + I+J-LD F! U:I
240 ANSI I- Jrt__W,K) [LUH *I)
242 IF 'DEBS.IDE.1) GO TO 244 PI

W-JIT;7 (6.R98 WID 45 0
CALL DPPRI11 (C4NSCOL,ANSROWANStME) 2 '%O

C COD 40
C REDUCE ANS MATRIX TO ECHELON FORM UEt-U
C DHID 4G_-0

244 CALL URAECH (CHBRANSCOL.ANSCOL. 1, 1ANSMUME) DI-:U 4'c-:(
ZER0=I 0000E-15 DXD: 4C5i0
IF '(fEBUC.NE.1) GO TO 248 120 El
14PITE (G.300) C'-' : 7
CALL DPRINT (ANSCOL. ANSRL-J.ANS. ME) rHID 4E30

24S nO 248 I=1.NBR rP 4C ,
DO 248 J=1.NPORT L11:1 4u0

II=NBR+1Ut-U 10 4I
IF (ES(ANS(IIJ))LLE.2ERO' ANS(11.JI=O.0 CPU: '720
IF (ANSII1.J).NE.O.) GO TO 250 E!CD 4 1-2l

248 CONTINUE D)D 7'40
250 II=Il+1 Ut-U 0

C P 13 "C
C FILL COLUMN HCADIN, UECTOR FOR FINAL DPRINT OUT C-tU 47'(A
C DHil -DTC0

J=O DHuD %'JO
IF (TP.EO.O) GO TO 254 Ct111 'Dsoo
DO 252 I I.TP CI) K')41 10

IT ~2*I D:-fl, 4820
HEikDEP(IT"-BR(I) IDHI)8 43(
HEADERI IT-1 =CH P!-:U *s), 1
12 2*(POPT+I) 1) )D 45 0
HEADER I2)=BR( I) UHID F43L0

252 HEADEPI j1 ,zI)H r!-:D 8137 0
254 IF (LP.EO.0) GO TO 258 rj;hD 48660
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J=TP DHO 4S90
DO 256 !=1,LP D.M0 4900

J=J~lDM0 4910
1=T+7COUN'TC2) DM0 4820
IT=2*J DHD 4930
-. OD7R( iT)-R(K) BD 4940

IjZAlzER( T-!)=UM DH0 4950
12=2*,CP0T-:-!P + I DM0 4960
HEADER " 72) =DR(( DM0 4970

25S HEADER(lI2-1 )=CH DHD 4980
253 IT=4*P0Ri 0D 149T .,90

NPOIT 1=NPORT+ 1 DH0 5000
DO9 2G0 I.=TIH3 DM0 5010
DO 2G0 j=NPOR71. ANSCOL DH0 5020

230 IF (DSM':S(IJ)).LE.ZERO) ANS(I9U)=0.0 DM0 5030
IF (DIEUGrE1) GO TO 2S2 DHDI 5040

C DM0 5050
c DRlINT F:l"ML ANS MA~TRIX FOR~ DEBUG RUN rHD 50G0
C DM0; 5070

CrLL DPT! (T7NPORT1,(-INSCOL, iIoNB., HE-ADER.ANS. ME) DHO 5080
23Q2 !7: (11-.3D S7 ) GO TO 2S'3 DM0 5090

CDM0 5100
c DACK( SUBS3TITUTE FINAL ANSN-ER MATRIX OHO, 5110
c DH0 5120

I ANSROIA-II+1 OHO 5130
I T2z 111 DX0 5140
D0 264 Z=IT2(ANSRMiJ DM0 5150

c DM0 5160
C AN:S(IRPJICL) IS PIVOT ELEMENT USED TO ZERO ELEMEKTS ABQLUE DM0 5170
C DM0 5180

TIJ=AN3ROW+IT2-I LD0 5190
IC' FC~+ T1+12-IDL0 5200
IT3~'IM-1 08 5210

C E D 5220
C j=OM ZEROING OUT ABOVE PIVOT DM0 5230
C DM0) 5240

DO 234 j~lI.IT3 ED 5250
B AN'S(J.ICL) DM0 5260

C DHD 5270
C K=CGLUM11 CHANGINC OF JTH ROWl DM0 5280
C DM0 5290

DO 284 D1C4t~l30 D 5300
2S4 A 31J K AIN S( J, K ,q ) 3,1 RW 9K) DM0 5310
26S 00 ESS I=IHD 8 5320

D0 2'23 J'=iP0RT 1NSCOL BD 5330
263 IF7 ( 4N3 J)L.~2)~ S(TJ)=0.0 DM0 53,40

C DM0D 5350
C DPRIt1T ANSO 073!1T.iX DM0 5360
C DM0 5370

IF GOD3N:I O TO 270 BD 5380
I L ERR11TI (TTs,G,tAHSCOLII.NE?HEDER,Ar1S,ME) DM0 5390

270 r 0T i DM0 5400
C VD0 5,410

272 F02;!T (1 HO// DM0 5420
274 FO~MI .V-T0 PC3T DNCHES./30(1X, 12)) DM0 5430
27G .7O~Y~0 VE1TaEl-2? D !~CH75,/30(1X,12)) DM0D 5440
27F3 FO0'.A 1 H0,2! -,i!. 7O:-PORT *8lCE-S,-'30(1X. 12)) DM0 5450
280 F0C1ZIA ii8.13 :i F0-01T BRACHE9,/30(1X.12)) DM0 54Fg0
232 0 P i*,iT H(), SP .13/, 6:1 TN = 13/, 3M LN .13/, SH LP =DM 54?0

1.~DH0 53480
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234 FCCRMAT (iI,2HDR',4(lX,l2)) H
2SS FORMAiT (7 1SH F3 BEFCRI-1~ 7ROING) :D i
283 FORINOiT( Op:

292 FOR( m 'ATA 73__ DE1:) R~0)RO
292 FORMA~T 18:A, F3-~S i:ZT7::7 77RO1P.E EX-)N)r>z D
294 FORMA1T //,2SH 1:N3 NXI TY 2O2C E 1--40
293 Fi2A (///v 25H ONS 77.1 E:-:DI iiT 5 U5UE FILD0N

300 OR~T(/,', 23 F~H 0~TLH 003 0 TO 3:ELON FORN)I

END "'0: !L EC

S3R01UT:NE DIinECH T.OW -:!L .'.. ~ ~

C*****~ THIS SU-lOONP2CN37: OLfO!.lN FUNCTION: 1 0
LI I . tll.;NYPULX3T3 TUE12 0H (/I) N0U 'lR'< INTO ECH1ELON FOR[T 7 [0n

L** THIS S-F1G0:3C 31 CF 7Ou:1NES 04

C * [COL L 0.- OF LIDJNN"l3 -1; 1:- A 1OTOi ,X 1 0 C

C ~ ~ ~ ~ ~ ~ ~ - lU)UTU TIEH;1~~_13WOOXoITO E-CHELON, FORM

INTEGER A1,CIG,GPL32.PB' ~
D I f1ENs -ON A 0 TiUll I) 0 i ''

G=l !4
102 DO ',S IG=G,,WRO!1iW!E1

T (F ~ ).00 LID TO !IS j, 0

LI INlTErLIHF.NGE I G~1 CrOW TO GET NONEERO PlUOT
C

IF (.EO~)FO TO10
DO0 104 1' C,TlCOL

j A G ,N 13

104 CONT INUE
c
C N 0r ", A 1- rOW. TO GE:T RDOS7TU N'JMZr FOR ?UlOT 0

102 6 mCC.T0 GDO -to !P)
D0 103 1'r:L,iUCCL I

110 IF GC~7onRTR

c :~E0 0 COLIrllt rFLOWAP1O j.!'2

GPLUS 1=C+1 f -f 0

(7 1) '>31

114 CON+UPN i

1 80



CO TO 102 DIII 500

!F (V.CT.NR24) RETU7N 0TH 520
C~r-!! P0TH 520

Co 70 2 02 DIII 540 .
C D -1 H 550

SUSRUTIH L -" (RNSCOL9AfNEOWANSs4E) [PT 10
CENT 20

~ ~ - ~30
STHIS EL'-moRJIN 0-ERFORS 7T' FOL'INS FUNCTION: D7N T 50

P\ 11 2. ITTEETR YBRID ;'IlT RIX, FO0R D EZ3UCG RUN. T0? G

T1 TI IS EU-CZXt LOSERRY, OF 70ORTR.IN USlJI0LES: DRN S O
ItIROF C 7UIN N T:-E= :t.'7TDlOSNS) MATRIX JE:,T £0o'

.2'~~~ PD2720 221271FROSI TH 432104I 2 *fLP7 100
C~~~~D. T 'n.~..-.*2 110

~ .- .*~**********rPT 120
P-.1127 130l

SUDR:UTYN"T fl'rD:7EFRNTS T;:E ENTIRE_ 04AIj RX S 140
c0 VP 150

C PRIN1TS (CJISROI ROWS! BY lTISCOL COLL2,"N3 1P 180
C rP 170

INT-ER (ONECOL, 43214 EmP 180
D072;12:il3:04. 0, 7:5C I 1) E is38

202 1772=.ONEW 0;D i 210
±7 (IG-T3.C.0 D TO 10S EIF 220

7;- (1T2,ET1) ETUR E 3' 30

c LESS 7H_^,' 10 CDLUNS LEFT TO PRITNT 0P i rlf
C EP~ -1 l(

104 1!277 (G,21 12) 7JJ 1 172 T 200

203 I T2 A TI- 0 IT3 i 4

TORE 744 0 0022225,N LEFT TO PR\'INT r," 0

03i: P03 I31101JRI3TIICIiT(2

T=T2- PPi
CO TO 102 , ET ",l

C EP Ti 0

E2p I jo

H OF *ii*4**;******r 1  1 01

17, T1 I)

TfV 7 f".Rtll3i LSO2 CF FCR TRO:lN HO ES: c ni I F,
HE 070 211 CO0U:;:3 IN' THE CESIREO PORT v I'-' so
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C * ACLi : I7-7S7 COLUMN OF THE 77SIRED PART *Dpi 2.00
C O CL2 L F 5T COLM O' F , T 1 - D 31SI73,P R R7 40. 110
C *RIi FIRST 701J OF T:-!7 1)7S1771 P.-)T "0'! 1;

C * J2 : Li SF R0',- OF THE OESIREOr. ?T
C HE VADER :COLU'NIxrjJ1 UE C*OR 0 )* 140

C t 1 Z PO!4 D) EtI3ION OF ANS -I 4 THE CALLING PROGRAM i£21 IGO

c ri 0 S
C SUBROUTINE DPRNT1 PRINTS ONLY T!hE- DESIRED PRART OF THE ANS EC- 00
C MATRIX DESCRTBIN:G THE PORT ECUATIONS ALO NG WJITH THE COLUNI FF7 210
C HE7A D iNGS Ep' P. 0

INTEGE:R HUPER AC iALR1,A~2HRc
DIMIENSION H70137R(300) L':i 0S
DIMENSION NSM.1) 1
ITrl;2=ACLl-l riL0
IT1=1 IpiEh 0

102 IT2=HOR r: , O
IF ((T2-IT1).GT..1S) GO T0 O 105- i7 1:001
IF (IT2-70.I) RETURN i ' 0

C LESS OR EOUAL 10 COLUMNS TO PRINT 0p -

00 104 I=A[ARH1RI i7 (
104 NRITE (3,112) (NU),IT.AL)1' 0

RETURN i 2 0
106 IT2=ITI+19 "'nof

C -". .0
C MORE THAN 10 COLUMNS TO PRINT E ie 2 0
C TF -

WRITE (6,110) (HE 7"(2(I),T=T1.1,T2) F;Di h ;

ITM2=IT111+6 9
DO 103 I=A1,AP02 r:7 ' 1)

108 WRITE (G,112) rpiIJ,=1t1 TR)1~"~
IT1=IT2+1
GO To 102 -'

110 FORMAT (1HO.1O(4X,AI2,5:'))
112 FORMAT 101(1.,D) 0

C .-l0

-0
C -, 0
C**** THIS EJ-mRIPEPrFG7RS THE FOLlO0!4' 7UNCTION: 0 0
C ~ *OETE OtIl T;-'-7 P 0',1 OF E HYE RI I ;ATP IN TO REDUCE i co
C T *O ECHELO"I FORtI rV
C
C****** THIS EU-2CI-S~ OS:3nrY O FO,7TRXI,' sEo
C * I 17ST t04 IIUNLR 1N ECHEILOl PART OF HYBRID C 0

C roll!( :7 7L1(ST rOiN 0!l J"! E 3 ER CNElE -LN F I 11 1

C - COIL :,IrST COLUVN1U;E T C-EOl i o~
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C * ALL- OTH=E7 VA77IADLE iE AS mFYINEO IN 8U3-PROORAM AMAIN *DRH 150
£ * DFUH IGO

~ 170
C 1378 180

INTEGER CiG 7C-PLUS1,PqlRY-J1,COL1 0138 £00
C 1328 210 4
C 1728C: P52707313 702 0?7IT ION'.S ON A TO REDUCE A TO ECHELON FP313H 220
C 1378 230
c COLCN23 CCL--' TO R_7 12 EDUCHID TO OWECHELON FORM WHILE THEOiRN 240
c 131325 C.E'TON tIE 77D2 OUT ON THE FR53YOM' MAR2K + I TO N.D136 250
C r,01-S 3 l 210 TO 1(0RE REDUCE:D TO 13132 ECH ELON FORM1 DR13 290
C C :5 THE _ 11.2 1 !!"zl- 3IEOR OTERMIING TI-E PIVOT POINT 1313 270
C C 7S 5 l COLZ U;..l '7-V1, i2 O1 _C -- ^R ETERN1MNIN& THE- PIVOT POINT 0TH £80
C 0138 230

C=Ccl1-1 DERH 200
G-R2*. 132 310

C=---:- 1 FR13 __30
13TH 240

c El TH7 ,T'e NO2lER ELEM1ENT IN THE C COLUMN BELOW AND 0138 25

C 0T z,70 I
1=03T DR 380
.11-1.00V 2 R8.L 30
I ''~DFT8 40

Do0 1013 410
U ~ ~ " '1S£3?_? ) OJC)=O.O 13H138420

>32~AL7 TN'GO TO 104 13F8 430
iH 3n'"J, C) 1TH 440

0138 450
104 CCT;UDPH 450

IF(TiFI5,C0.0.0) CO TO 102 1328 470
C 0138 480
C _7 T:l 70257 ELEMENET IS IN THE PIVOT 6025, 00 NOT EXCHANGE DPH1- 480
c1Fl!223 0138 500

C 078 510
77 500 Go T O 103 078H 520

C 0TH 530
c 2.......2CT3 2025 1TH ROW P,4531110 NONERO ELEMENT IN PIVOT 0TH 540
C C C'_2 0138 D 55 0
c CR8 580

-0 >3 1-2 028 570HS

'z :73',. 108 530
109) AJ'" -p 1 6 00

C DFI- G10
C 013522! P7 U07 POINT 4^r'PADY NC , LI -7ED TO 1 0138 620

0138H 6510
1023T C, 7 lCL.).3 CO TO 112 0T 6 40

*~~~~; -32CF"41T GO
c 1328 (370

RLW C',' 1328H 680

!C- 28720
T. 7 SUET P32L15 IVOT IN LAST ROW CR8 7 3n

c 1313 740
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112 IF (0.CE.N) RETURN £21H 750

C ZERO THE ELEMENTS BELOW THE PIVOT t& 770

OPLUS1=G+1 B E;
nO tic F=SFLUSI '90

B=AflPC) E7r1zl
IF (43EI.)nL.EO D(P,C)0.0 -,, E21
IF GfEO~(%))E..)5 TO 115 r> ET 0
DO 114; K=CN £ _ 640

114 4(K)-*C5,+0P,)F._ H CiO
116 CONTINUE r, CTO

IF (0.57.11) RETURN Fh 0
0=0+1 E fl

Co TO 102 U c

END £71 i' U
SUCR-,OU7TNE ESTOTE CNPOT T1,4NSCOL,II,N2'R,NSU,DES--UCA,BCPDfULtJU ANC-S- 0

C F

C*n**** THITS EUB-7125R411t PEPFO S THE .JILLO-iINC FUN--CTIONS: so

c I l 1. 0-71: TM -=RS M I1.'7 STflTE SPSC= REPRESENTTION E- 0
C F 702 THE ZAU CNW 0 TE LIT R LETO110RX. - ll
C * 2 FRINT T:-:c SnqT SFOCT DESCRIPTION, I F REQOUEST ED. C% so
C *ES I 0

C****** THIS EUD-FRCSR7iI-S GCI R OFsr 07FORTROIN NOES: '0
C * CR_0271 OD.12 o3 FOR LOCqTING2 FI-RST COLUj'N OF 1IqR7X I

C * 01135CCL : 4Q12 5 FR LOCOqTING FIRS3T COLUIN" CF' MO TR 1> E E 1
C7* T ADE1j7' in OT? LChIS7717 R3:4 OF NlTRT: 4) <- .0

C *OP, 727 wn J177 CF10122 IN' LINEAR CIRCUiT i- 0
C 7013) :T-,(,_""0 ~U R OF ST.OTE UOI4LE U
C D EBUG :70 UO+R7hOBLE FOR PRITNTING STE E-UOTTON3 ~T 170
C A MATI ' 1 ST: T77 Z20 SPCEESCITION <-Si'O

C D C N1~ N STFOTE 5205S CZ 52 ?iG IO

C * NAT . 1R'< 13 IN STOTET SF\O CE DESCRIPTION 'ES I O
C V* U7' :r-On 1j F 7WN UOLUES c1 "' E C

INTEGER (-TSCOL. CONN, OEBSCL
DIMENSION UP'LUE(i) ST;-cI
Olr'IE-NSICf; :N 0115NE 1) ESl C: j

DIMENSION B0,11, (1391, (12.1), E17,1C LUCI

DIM-iErISIOr UENOI(20) L .T';
COMrION /51103' L14.113 -?S NTO 2-?5 -23 0'
HCF'I=NC4R:I-T- 1,
IF (11CA4.EO.01 CO TO 104 E_ 1)
DO IC? Tt:11r4 I

102 DE5740l,'1 )t4 =VLIE F T I
104 iF (HII11OE0O) CTO TO0 103

K=NC42- :ms+ 7E0
00 148s b!-Nlc?.Ni '431 F L

I I L
103 1211011(1 LI7<E
103 N-70115 =HE15741-1 -

C
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C FILL MATRIX A EST 440
C EST 450

M!=II EST 4GO
MN2=!+CAP+NIND-1 EST 470
N3=NPORTI+NEONS EST 480
M4=N3+'CAP ,NTMD -1 EST 490
IF "LT.MI) GO TO 123 EST 500
11=0 EST 510
DO 110 I=M!,N2 EST 520

11=11+1 EST 530
Jl=O EST 540

DO 110 J=N3,N4 EST 550
J1=J1+ EST 560

110 A(iI,Jl)=-AMS(I,J)/DEMOM(II) EST 570
C EST 580
C FILL MATR1X B EST 590
C EST 600

rS=ANSCOL-NCS+1 EST 610
NS=ANSCOL EST 620
11=0 EST 630
DO 114 I=NIM2 EST 640

11=11+1 EST 650
J1=0 EST 660
DO 112 J=NS,NS EST 670

J1=Jl+1 EST 680
112 B(I!,J!)=-AMS(IJ)/DEMOM(II) EST 690
114 CONTINUE EST 700

C EST 710
C*****FILL MATRIX C EST 720
C EST 730

I1=0 EST 740
N1=N2+1 EST 750
N2=N2+MCS EST 760
N3=ANSCOL-MCS-MSU+1 EST 770
N4=N3+NSU EST 780
DO 11G I=MNlN2 EST 790

1=T1-I- EST 800
J=O EST 810

DO 11G J=N3,N4 EST 820
Jl=J!+1 EST 830
C(I,'JI)=-ANS(IJ) EST 840

11G CONTIMUV EST 850
C EST 860
C*****FILL MATRIX D EST 870
C EST 680

NS=AMSCOL-MCS+l EST 890
NS=NS+NCS EST 900
I1=0 EST 910
DO 118 I=N,N2 EST 920

iI=1!+1 EST 930
1=0 EST S40

DO !18 J=NS,NS EST 950
J!=J!+! EST SGO
D(I J!)=-ANS(IJ) EST 970

118 CONTIMUE EST 980
C EST S90
C PRIMT MATRICES A, BC 9 f EST 1000
C EST 1010

IF (DEBUG.ME.1) GO TO 123 EST 1020
WRITE (6,130) EST 1030
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DO 120 I=!,iSU EST 1040
120 WRITE (6,132) (A(IJ),J=,f9SU) EST 1050

WRITE (6,134) EST lCGO
DO 122 I=1,NSU EST 1070

122 WRITE (6,132) (B(I,J),J=1,NCS) EST !CSO
WRITE (6,12S) EST 10SO
DO 124 i=J1NCS EST 1.00

124 WRITE (6,132) (C(I,J),J=!,NSU) EST 1110
WRITE (G,!'3) ES 1120
DO 12G i=!,NCS _,26-- -170

126 WRITE (6,132) (D(I,J),J=I,NCS) EST 1140
128 RETURN EST 1; 0c EST 1130
130 FORMAT (1,-,H MATRIX A) EST 1i70
132 FORMAT (i, I(E10o3,2X)) EST I IS0
134 FORMAT (/SIX MATRIX B) S7 I.0
13S FO2i AT (/,SH MATRIX C) EST I"200
133 FORMAT (/,S:-) MATRIX D) EST 1210

C ES" 1220
END EST 1230
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SUBROUTINE FEALrtC (tANilRD,KqL) FBC 10
C FEC 204

* ~ 30
C **FEC 40

C****** THIS SUB-PROGRM PERF0X"S THE FOLLOWING FUNCTION: *FBC 50
C I. A* 'i"WEClRE l ClRIX A. *FBC 60
C *FEC 70

C** THIS EUB-PROGRAMqg S GLOSSARYV OF FORTCRN NAMES: *FEC 80
cn t ',. lCTr~; TO BE D7 BA L A N-, 7 *FEC 90
C N 1 ~ I1lSO OF AA~; *FBC 100
C * I., lW! I NSIbfi 'Or A *FDC 110
C D I CRR.N' CONTAINING INFORMAqTION ABOUT PERMUTATIO*FEC 120
C *AND SCrlLE FAlCTORS *FEC 130
C !, ~L INEGERS SUCH THIAT .1lI,J)=0 IF (1) I CT J AND*FEC 140
C *(2) Jl3.,-1OR I=L+1 ... PN *FBC 150
c * *FBC 160

170
C FEC 180

DIHlENSION DA~2 (l) FEC 190
DAT /in 'D/290 FEC 200

DAT ~E0/0Q/~NE1 ./ 9P3'.3/FEC 210
C FEC 220

C******REDUrcE NORM A BY DI^ CONAL SIMILARITY FEC 230
TR***1AINSFORNATION STORED INl D FBC 240

C FEC 250
L11l FDC 260
K 1='N FEC 270

C FEC 220
C*****SACH FOR ROW4S ZSOLATING AN EIGEN- FEC 290

U*** ALUE ANDf PUSH~ THEM DOW-N FEC 300
C FBC 310

101 I(1Pl=,,1+! FEC 320
IF I'.LT.1) CO TO 107 FEC 330

K! 1=1'1 FEC 240
DO IOS jj=!,K11! FEC 350

2=KUP1-JJ FDC 360
R=2ERO FEC 370
DO 102 I=1,1'1 FEC 380

I(7.EO.J) GO TO 102 FBC 390
rRRn33B(A(J,D)) FEC 400

102 CONT 7NL17 FEC 410
TF CR.E.27R0) GO TO IDS FEC 420
DCI(1)=J FEC 430
IF (J.EO.,1) CO TO 103 FBC 440
DO 10 7 ',K FEC 450

F=A(IvJ) FEC 460
(IJ 1C,:11 FEC 470

fl~I)~FFEC 480
103 CONT1IUE FEC 4S0

Do 104 I71?,N FBC 500
F=") J, I)FEC 510
nc(, -1 (1 I) FEC 520
(I~1 T)~ FEC 530

104 CONTINUE= FEC 540
103 11 FEC 550

CO TO 101 FEC 520
103 CONTINUE FEC 570

C FEC 580
C*"*SEARCH FOR COLUMNS ISOLATING AN FEC 590

EIGENUALUE AND PUSH TX-EM LEFT FEC 600
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C FL'C G10
107 IF ('1.LT.Li) GO TO 113 r:Er G20

LL=Ll FCC 930
DO 112 J=LL,K1 Fro 940

C=ZERO FEC G50
DO 103 I=LlK1 FEC GS0

IF (I.EO.J) GO TO 103 FEC G70
C=C+ABs((IJ)) FCC CSO

108 CONTINUE FT GEO
IF (C.N7.ZEPO) GO TO 112 FEC 700
DCLi )=J FCC 710

IF (J.EQ.Ll) GO TO Ill FCC 720
DO 103 1=1,Ki1 FEC 730

Fz;( 1,J) FEE 74c0
A(! IJ)=A(I, L1) Fr: 7E0

~( ILI =F r~V.790

109 CONTINUE FCC 7(70
DO 110 Y=L1.N F122 790

F=A(J, I) F~CC 730
ACJ, I )=(L1,I) Fic COO0
A(Ll,I)=F FCC 0 :,

110 CO I±NUE FCC £20
ill LI=LI+t F:CC 6,:,0

GO TO 107 FrC 940

112 CONTINUE FrC 630
C FCC £30

NOW BA~LANCE THE SUBMATRIX IN ROWS FCC 370
LI THROUGH KI FEC 930

C113 K=L1 FEC c£0
L=K'1 FEES~
IF (K1.LT.Ll) GO TO 115 FCC S20
DO 114 I=L1,KI FCC TS0

DCI )=ONE FCC 340

114 CONTINUE FCC -30
115 NOCONL'=0 FCC 370

IF (K1.LT.Ll) GO TO 124 FEC E7'0
DO 123 l=L19KI FCC 330

C=ZERO FCC EE0
fI=ZERO FEC 1000
DO 116 J=L1.KI FCC 103.0

IF (J.EO.I) GO TO 116 FCC 1020
C=C+ABS(A(Ji B) FrC 1070
PR+AI3S(A( I.J)) FEC ic40

116 CONTINUE FEC 1050
G=R/B FICC !CSO
F=OME FEC 1070
S=C+iR FCC i060

117 IF (C.GE.G) GO TO 118 Fro CE,[3
F=F*B FCC 1.100
C=C-*E2 FCC i 11* 0
GO TO 117 FEC i1(,0

118 G=R*B Frc 1120

119 IF (C.L7.G) GO TO 120 FCC I^,1)<
F=F/B C 1 32i5'0
C=C'02 17LC 1330
GO TO 119 [I= 1170

C ir o
C***NOW BALANCE FC)£

CFC!10
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120 IF ((C+R)/F.GrE.PSS*S) GO To 123 FBC 1210
FEC 1220

D(IDC1*FFEC 1230
N0CONU= 1 FEC 1240
DO 121 J=L1,N FDC 1230

ACI,J)=A(T,J)*G FEC 12G0
121 CONTINUE FEC 1270

DO 122 J=19 K! FEC 1280
A~J I =~(, I*FFEC 1290

122 CONTINUE FEC 1300
123 CON7INUE7 FEC 1310
124 IF (NOCONU.EO.1) GO TO 115 FBC 1320

RE7URN FEC 1330
C FEC 1340

END FEC 1350
SUDROUTTINE FEUEU (A,N,!It,WZ*WK, IER) FEU 10

C FLUA 20
~ 30

C *FEtJ 40
C**** THIS SUB-PROCRAM PERFORMS THE FOLLOWING FUNCTION: f:FEU so
C * . (CTf AS 711- EXECUTIVJE CALLING PROGRAM FOR OBTAINING *FEV G0O
C *THE EIG -'Ui)'LUES-E-IGCNUECTORS OF A REAL MATRIX. *FEU 70
C if* OFEI 80
C**.** THIS SUD-FROGLrAN USES THE FOLLOWING SUBROUTINES: *FEV so t
C * 1. FD:'"NC *FEV 100
C * 2. FRDH33 *FEU 110
C * .7~1*FEV 120
c * 4. F EK XN. *FEU 100
C S .~ Fc2AL *FEtJ 140
C G . FEiTST *FEU 150
C **FEV IGO
C****** THIS SLE-PROGRAMr13 GLOSSARY OF FORTRAN NAMES: *FEU 170
C * A :MATRIX WHOSE EIGENUALUES-EIGENUECTORS ARE TO *FEV 160
C 70 B-7E FOUND *FEV YS0
C * N :DIMENSION OF MATRIX A *7EV 200
C IA : ROW DIMENSION OF A *FEU 210
C 1 : 11RAY CONTAINING THE EIGENALUES *FEV 220

Cz:NODAL N1TRIN *FEV 230

C 7*:17 ERROR PARX^'ETER '*FEU 250
C t FEU 260

~ 270
C FEV 280

DIMENSION 1(A 1(UC)v W-K(N1)# 2(l) FEU 290
DATA ZZRDO,-/0.0, 1.0/ FEU 300

C FEU 310
****INITIALIZE ERROR PARAMETERS FEU 320

C FEU 330
IER=0 FEU 340

J -R~oFEU 350
I,-- -A FEU 360
iz2=IZ+I2 FEU. 370

C FEV 380
****PACK A INTO AN N BY N ARRAY FEV 390

UFZU 400
K='1 FEU 410
Lz=l FEV 420
DO 105 j=!,N FEU 430
DO 103 I11N FEU 440

FEU 450
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K=K+l FEU 490
IF (K.CT.IA) K=l FEU 470
IF (K.EQ.1) L=L+l FEJ 480

105 CONTINUE FEL) 490
il1=i FEV 500
N2=Nli+l FEV 510

C FEU 520
****BALANCE THE INPUT A FEU 530

C FEU 540
CALL FBALNC (ANN,WK(1,Nl),K,L) FEU 550

C FEU 560
C*****IF L = 0, A IS ALREADY IN HESSENBERG FEU 570
C***FORM FEU 580

C FEU 590
CALL FRDHSS (AtKL#N,NWKC1,N2)) FEU 900

C FEU 610
****SET Z IDENTITY MATRIX FEU 620

C FEV 630
II=1 FEU 640
JJ= 1 FEU 650
NP1 =N+l FEt 690
DO 115 I=1,N FEU 970f

nO 110 J=19N FEU 680
Z( II)=ZERO FEU 690
11=11+1 FEL! 700

110 CONTINUE FEU! 710
Z(JJ)=ONcE FEL! 720

JJ=J+NPIFEU! 730
115 CONTINUE FEUJ 740

CALL FBKXI (ZpArWK(lvN2)qNNK9L) FEU! 750
112=N FEU! 790
CALL FORALG (A9NN,K 9 LW~(l)vW(N+1),ZIIZJER) FEU 770
IF (JER.GT.128) G0 TO 120 FEVl 790O
CALL FBKXM2 (WK(19N1)oZf,LNNN) FEUl 790

C FEUl 600
C****CONVERT W (EIGENVALUES) TO COMPLEX FEVl 810
C***FORMAT FEUl 820

C FEVl 630
120 DO 125 I1.N FEUl 840

[iP I=N+ I FEUl 650
WK(I,N1)=W(NPI) FEUl 890

125 CONTINUE FEU 970
JW4II-N FEUl 880
J=N FEVl 690
DO 130 I=1.N FEUl S00

W(JW-1)=W(J) FEUl 910
14(J4)=tKCJ#N1) FEUl E20
JW=J14-2 FEVl 930
J=J-I FEVl E40

130 CONTINUE FEUl 550
C FEVl EG0

C*****CONVERT Z (EICENVECTORS) TO COMPLEX FEVl 570
****FORMAT 2(129N) FEUl S90

C FEVl E90
J=N F':'0 1000

135 IF (J.LT.1) GO TO 160 FE~l 1010
IF (W(J+J).EO.ZERO) CO TO 150 FEVl 1020

C FEVl 1020
C***MOUE PAIR OF COMPLEX CONJUGATE FEVl 1040
C***EICENUECTORS FEul 1050
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C FEU 1060
!S=1Z2*(J-I)+1 FEV 1070
IG=N*(J-2)+I FEU 1080
IGZ=IG+N FEU 1090

C FEU 1100
C****** MOVE COMPLEX CONJUGATE EIGENVECTOR FEV 1110
C FEU 1120

DO 140 I=lN FEV 1130
Z(IS)=Z(IG) FEV 1140
Z(IS+I)=-Z(IGZ) FEU 1150
IS=!S+2 FEU 1160
IG=IG+1 FEU 1170
IGZ=IGZ+l FEU 1180

140 CONTINUE FEU 1190
C FEV 1200
C****** MOVE COMPLEX EIGENVECTOR FEU 1210
C FEU 1220

IS=22*(J-2)+1 FEU 1230
IG=IS+TZ2 FEU 1240
DO 145 i=lN FEU 1250

2(IS)=Z(IG) FEU 1260
Z(IS+l)=-Z(IG+1) FEU 1270
IS=!S+2 FEU 1280
IG=IG+2 FEU 1290

145 CONTINUE FEU 1300
j=J-2 FEU 1310
GO TO 135 FEU 1320

C FEU 1330
C****** MOVE REAL EIGENUECTOR FEU 1340
C FEV 1350

150 IS=122*(J-I)N+N FEU 1360
IC=N*J FEU 1370
DO 155 i=1.N FEU 1380

Z(IS-1)=Z(IG) FEU 1390
Z(IS)=ZERO FEU 1400
IS=S-2 FEU 1410
IG=IG-1 FEU 1420

155 CONTINUE FEU 1430
J=J-1 FEU 1440
GO TO 135 FEU 1450

C FEU 1460
C******WRITE ERROR MESSAGES, IF AMY FEU 1470
C FEU 1480

160 IF (IER.NE.0) CALL FERTST (IERPHFEUEV ) FEU 1490
iF (JER.EO.O) GO TO 165 FEU 1500
IER=J7R FEU 1510
CALL FERTST (IERSHFEVEU ) FEU 1520

165 RETURN FEU 1530
C FEV 1540

END FEU 1550
SUBROUTINE FBKXMI (Z,H,DMM, IZHK,L) FMI 10

C FM1 20
~ 1 30C * *FMI 40

C****** THIS SUB-PROGRAM PERFORMS THE FOLLOWING FUNCTION: *FM1 50
C * 1. rACKTRANSFORM THE EIGEMUECTORS OF THE UPPER HESSENBERG*FMI 60
C * IATR!X. *FMI 70
C * *FMI so
C****-' THIS SUB-PROGRAM'S GLOSSARY OF FORTRAN NAMES: *FMI 90
C * 2 : EIGENUECTORS OF MATRIX A *FMI 100
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C * H : SUB-DIAGONAL ELEMENTS USED FOR STORING BACK- '-FM! !!0
C * TRANSFORMATION INFORMATION vFtll 120
C * D : DETAILS OF THE TRANSFORMATION v.FMI 130
C * MM : NUMBER OF COLUMNS IN MATRIX Z v.FM I ,0
C * IZH : ROW DIMENSION OF MATRICES Z AND H *FMI 150
C * K,L : SAME AS IN SUBROUTINE FB,(XMI cFMI 160
C * 'FP1! 170
C**l**' ** * * **$ * * ' ~* * * *** **** * ****F1 18 }.0

C FMI .SO
DIMENSION 2(IZH,I), H(IZH,I), D(1) FMI EF0
DATA ZEROONE/0.0,1.0/ FN! 210
LM2=L-2 FMi 220
IF (LM2.LT.K) GO TO 107 FM! F30
LTEMP=LM2+K Fr! IRo0
DO 10S KI=K,LM2 F.! -50

M=LTEMP-KI ri ESO
MA=1+1 F'l! .7"0
T=H(MA, N) F! -0
IF (T.EQ.ZERO) GO TO 10S F! 0
T=T*D(MA) F! 0
MP2=M+2 FM Z10
IF (MP2.GT.L) GO TO 102 FM! :"0

DO 101 I=MP2,L F1;I T30
D(I)=H(I,M) F; 1 40

101 CONTINUE FNI Z50
102 IF (MA.GT.L) GO TO 10G F1! SO

TINU=ONE/T F Z 70
P., 105 J=I,MM FiZQ 30

G=ZERO Ff1 ES0
DO 103 I=MA,L Ff! 400

G=G+D(I)*Z(I,J) F1i 410
103 CONTINUE FmI 420

G=G*TiNU Fi1 430
DO 104 I=MA,L Fill 440

Z(I,J)=Z(I,J)+G*D(I) FI1 450
104 CONTINUE FI 4SO
105 CONTINUE Ff1 470
106 CONTINUE Ff1 480
107 RETURN FM1 4S0

C Ff1 500
END Ff1 51O
SUBROUTINE FBKXM2 (,Z,K,LMMN, 12) FM2 10

C Ff2 20

C * '7N2 40
C****** THIS SUB-PROGRAM PERFORMS THE FOLLOWING FUNCTION: 4:f 50
C 1. BACKTRANSFORM THE EIGENUECTORS OF A BALANCED MATRIX c-7!2 60
C ' 12 70
C****** THIS SUB-PROGRAMS GLOSSARY OF FORTRAN NAMES: C'F- 10
C * D : INFORMATION ON THE DETAILS OF TRANSFORMATION *,Fti2 EO
C * 2 : AT ENTRANCE: NODAL MATRIX TO BE TRANSFORMED "',2 100
C * AT EXIT, TRANSFORMED MODAL MqTRIX ,,- 2 ,10
C * K : RO-,COLUMN INDEX OF STARTING ELEMENT TO BE :7f, 120
C * TRANSFORMDE :7,12 120
C * L : ROW, COLUMN INDEX OF LAST ELEMENT TO BE TRA'S-N2 .2 140
C * FORMED cFrl ) 0
C * MM : NUMBER OF COUMM';S IN MATRIX 2 I iGO
C N : NUMBER OF ROS IN = LENGTH OF UECTOR D : 2 1T0
C * IZ : ROW DIMENSION OF Z cFt!- ;SO
C * i 1-0
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200
C Ff12 210

DIf1Zf1SION 2(!2,1)v D(1) Ff12 220
C Ff12 230

****COLUMN SCALE Z BY A~PPROPRIATE FM'2 240
U*** D VLUE Ff12 250

C Ff12 260
DO 101 7=:',L Ff12 270

S=D( I) Ff12 280
DO 101 J=144f1 Ff12 290

2(!,J)=Z(I,J)*S Ff12 300
101 CONTINUZ Ff12 310

C Ff12 320
C****INTERCHnNG7 ROW4S IF PERMUTATIONS Ff12 330
****OCCURRED IN F3ALNC Ff12 340

C Ff12 350
T-' (K.EO.!) GO TO 104 FN2 360

Kr11=(- 1FV12 3704
Do 103 T-1,jfIi Ff12 380

I I=K-I Ff12 390
I '-')Ff12 400

IF (IT.EO._jJ) GO TO 103 Ff12 410
DO !02 J=1grmf Ff12 420

S=7(II,J) Ff12 430
2(iiJ)=2(JJ,J) Ff12 440
Z(IjgJJ)=S Ff12 450

102 CON71NUZ Ff12 460
103 CON71NU-7 Ff12 470
104 IF (L..EO.r) GO TO 107 Ff12 480

LP 1=L+ 1 Ff12 490
DO 103 !I=LP1,N Ff12 500

JJ=DCII) Ff12 510
TI1 ( Ii.EO.JJ) CO TO 102 Ff12 520
DO 105 J~1,rfM Ff12 530

S~z(II,J) Ff12 540
2(IIj)=2(jj,j) Ff12 550
2(JJ,J)=s Ff12 560

105 CONTIN:U= Ff12 570
103 CONTINUE Ff12 580
107 RETURN Ff12 590

C Ff12 600
END Ff12 610
SUBROUTINE FERTST (IERPNAf1E) FER 10

C FER 20
~ 30

C *THIS SUB-PROGRjA1 PER7ORMS THE FOLLOWING FUNCTION: *FER 40
C * 1. PRINT ERROR ilESSAGE ARISING IN FEUEU OR FQRALG ROUTINE*FER 50
C * FER G0
C****** THIS SLIB-FROGRAM-S GLOSSARY OF FORTRAN NAMES: cFER 70
C * ER :ERROR PARAMETER UALUE *FER 80
C NA117 : NAME OF THE CALLING SUB-PROCRAN *FER 90
C **FER 100

***~*****~**-~********************.***FER 110
C FER 120

DIMIENSION ITYP(2.4), 1017(4) FER 130
INTEGER W~Nf~F EN RNRFER 140
EeUIVALENC=-IIT1,fR) (IDITC2)PWARF), (IBIT(3),TER1) FER 150
DATA ITY(P/10H!il.RNlNG ION ,1OH-nARNING(WIt1OHTH FIX) vFER 160

110:ITEPf1INrL ,10:1 1OHNON-D-WFINE,1OHD ',IBIT326FER 170
24p128,0/ FER 180
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IERR=IER FER IS0
IF (IERR.GE.WARN) GO TO 101 FER 200

C FER 210
NON-DEFINED FER 220

C FER 230
IERK=4 FER 240
GO TO 104 FER 250

101 IF (IERR.LT.TERM) GO TO 102 FER 230
C FER 270

TERMINAL FER 230
C FER 2 0

IERK=3 FER 200
GO TO 104 FER 310

102 IF (IERR.LT.WARF) GO TO 103 FER 320
C FER 230

WARING(WITH FIX" FER 240
C F3R 250

IERK=2 FER 3SO
GO TO 104 FER 370

C FER Z80
C****** WARNING FER SO
C FER 400

103 IERK=I FER 410
C FER 420
C****** EXTRACT *N* FER 430
C FER 440

104 IERR=IERR-IBIT(IERK) FER 450
C FER 4S0
C****** PRINT ERROR MESSAGE FER 470
C FER 4E0

WRITE (6,105) (ITYP(IIERK),I=1,2),NAMEIERRIER FER 4SO
RETURN FER 500

c FER 510
105 FORMAT (1HO,2AlO,4XAS,4X,12,8H (IER = ,I3,1H)) FER 520

C FER 530
END FER 540
SUBROUTINE FORALG (HS,N,IH,K,L,WRL,WIM,Z,IZIER) FUR 10

C FOR 20

C * FR 40
C***** THIS SUB-PROGRAM PERFORMS THE FOLLOWING FUNCTION: *FeR 50
C * 1. FIND THE EIGENUALUES AND EIGENUECTORS OF THE UPPER vFcR 60
C * HESSENBERG MATRIX. *FOR 70
C * 6F 0 90
C***** THIS SUB-PROGRAM USES THE FOLLOWING SUBROUTINE: cFeR so
C * 1. FERTST c:WiR 100
C * vFcR 110
C****** THIS SUB-PROGRAM4S GLOSSARY OF FORTRAN NAMES: *Fc 120
C * ALL UARIABLE NAMES AND ARRAYS ARE AS DEFINED IN SUBROUTINES ' CR 130
C * FEUEUFBALNCFBKXMI,FBKXM2. *FOR 140
C * cFeR 150

C FCR 170
DIMENSION HS(IH,N), WRL(N), WIM(N), Z(IZ,N), T3(2) FOR 290
LOGICAL NTLS FCZ ISO
COMPLEX Z3 FCP 200
EQUIUALENCE (Z3,T3(1)) FOR 210
DATA RDELP/16414000000000000000B /  FOR 220
DATA P4/0.4375/,PS/0.5/,P?/0.75/,ZERO/0.0/,ONE/I.0/ FC: 220
IER=O FOR 240
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C FOR 250
C****** STORE ROOTS ISOLATED BY FBALNC FOR 260
C FOR 270

DO 101 1=!,N FOP 280
IF (I.GE.K.AND.I.LE.L) GO TO 101 FOR 280
LtRL(I)=HS(iI) FOR 300
1JT j(i)=2ZRO FOR 310

101 CONTINUE FOR 320
iEN=L FOR 330
T=ZERO FOR 340

C FOR 350
C****** SEARCH FOR NEXT EIGENUALUES FOR 360
C FOR 370

102 IF (!EN.LT.!,) GO TO 128 FOR 380
i7S=0 FOR 390
NA= I FOR 400
iEN12=NA-I FOR 410

C FOR 420
C****** LOOK FOR SINGLE SMALL SUB-DIAGONAL FOR 430
C****** ELEMENT FOR 440
C FOR 450

103 MPL=_EN+K, FOR 460
DO 104 LL=K,IEN FOR 470

LE=NPL-LL FOR 480
IF (LB.EO.K) GO TO 105 FOR 4S0
IF (ABS(X5CLBLB-1)).LE.R-ELP*(ABS(HS(LB-1,LB-1))+ABS(HS(LB,LB)FeR 500

1 ))) GO TO 105 FOR 510
104 CONTINUE FOR 520

C FCR 530
C****** FOR 540
C FOR 550

105 X=HS(IENIEN) FOR 560
17 (LB.EO.T EN) GO TO 121 FOR 570
YHS NAA) FOR 580
!:iS( T!7,, NA)*H3(NA, IEN) FOR 590
Iz (LB.EO.NA) GO TO 122 FOR 600
17 (iTS.EO.30) GO TO 151 FOR 610

C FOR 620
C****** FORM SHIFT FOR 630
C FOR 640

IF (ITS.NE.10.AND.ITS.NE.20) GO TO 107 FOR 650
T=7+4 FOR 660
DO !0 I=K,IEN FOR 670

1HS(I,i)=HS(I,I)-X FOR 680
10S CONTINUE FOR 690

S=ABOS( IENMM))+ABS(HS(MA, IENM2)) FOR 700
4=p7*S FOR 710

FOR 720
ll=-P4*S*S FOR 730

107 ITS=ITS+! FCR 740
C FOR 750
C***** LOOK FOR TWO CONSECUTIUE SMALL FOR 760
C****** SU3-DIAGONAL ELEMENTS FOR (70
C FOR 780

MNML=IENM2+LD FOR 7S0
DO 103 tl,;=LB,IENM2 FOR 60

L-MM FOR 810
ZZ=I-1 N (. N) FOR 820

FOR 830
S=Y-Z3 FOR 840
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P=(fl*S-W)/HS(M+ldl)+HS(MM+l) FOcl cs0

PR=H3 (1+2, N+ 1 FC71 070
S=B(P)~iB(O)~i3U~)FC COO

P=P'S FcZ COO
0=0/S FcF,£0

TF CN.EOC.L!O) CO TO 109 F(0 __=

IF E-£0
I -i GOSl)~BHCH1H1))0 TO 103 Fcl£4

108 CONTINUZ FC2 £20O
109 MP2--;1+2 F --)

DO I1-- T-=iP2 ,IlEN [C7. S-0
HS(I -7 -2 )=ZF-ZrO IC
IF (T.EQ.t1?2)) CO TO 110 FC' 0S

110 CONTINUE IC* c .0
C F~ c I C 0

C***DOUBLE OR STEP INUCLUING R0O4S FL-' ic
****L TO EN nND COLUNNS N TO EN FL' IC40

DO 120 1A=,-1.NA
HTLS=K' A. r,=. NA C.* 0-0O
IF (K.O1) GO TO 111 FE 23

O=HS WA 1, Ks-1)C
Il=ZERO !L 0
-,F (N(T! -S) FE7 IK+2KR1 ;,. - 0
H=ABS(P)+AD3(Q)+ABS(R) F 1 "0
lF (X.EQ.2EFRO) CO TO 120 40
P=-P/" FC7 I '

Ill CONTINUE r-
S=SIGNCS0RT(P-*P+O*O+R*R) ,P) F 07
IF (KA.EO.N) GO TO 112 FC wO
HS(KA), ['\-! )=-S;*'< 7C2 ',2'
GO TO 113 FC; !E20

112 IF (.NA)HS(KA.KA-l)--HS(K~sKA-1) FC.. -'-7
113 P=P+S in-'!Le

X=P'S Fc0' i-~n
Y=O/S FC !E,70
22=R/S FC 1 0p'

R=R/P F C' a 'FL

ROW MODIFICATION FC7 0.
C [0 0

DO 115 J=KA.N [C1 I F
P=HS(KA. J)+O*HS(KA+1,J) Fe7 1 e,
IF (.rOT.N7LS) GO TO 114 [L: 12:50
P=F:-R*HS (!' +2, J) [C '0

HSK+~J) 2F+2, J)-P- s? 7C' F
114 HS (11r 1, J)=3(O+1, J)-P~'' c 0 --

HS (NK, J) -i3 (i, J) -2*X so
115 CO0N T1N UE

J=tl1 NO( EN, 1' +3) ( ~
C FC ' 0

****COLUMN M1ODFIOCATION FC7' 1'Z0
C FCO 1440
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Do 117 1=19J FOR 1450

P=,'HSU,KA)+Y*HS3 I,KA+1) FOR 1460
T= (.NO7.NTLS) GO TO 119 FOR? 1470

HS I, 0+2 =::s(T '0~I -~RFOR 1490

11 SK+)HS ,KO1G* FOR 1500

J-~1,3 , 1) =MSC p!'A) -, FOR? 1510

117 ONTNUEFOR 1520
11 1C7 U7-T.)C T 2 FOE? 1530

C7k-ZL.N O7 2 FOR 1540
C***ACCUMULATE TRASFORM1ATIONS FOR 1550

C FOR 1590

D0 119 !=!KL FOR 1570

P="2z( 1 1".) +Y*Z ( !,!'A+ 1 FOR? 1580

(.NOT.NTLS) GO TO 113 FR19

P=F+22*Z 1 I, (0+2) FOR 1600

Z T, 1'-) = T,: AKm2) -PR FOR 1610

113 ZCJ K+ 1) =ZCI-1 FOR 1920

z ( 2 "I )7 FOR 1G30

!is3 CONTINUE For" 1640

120 CONTINUZ FOR? 1650
GO To 103 FOR 1690

C FOR 1670
C***ONE ROOT FOUNDFO?18

C FOR 1600
121 HS IENI, TN)=4+T FOR? 1710

L~R(1E)~X(I~l, EN)FOR 1720
W E(IEN) =ER 0 FOR 1720

FOR 1730
GO TO 102 FOP 1740

C FO? 1750
C***TWO ROOTS FOUND FE 6

C FOE? 1770
c122 -"-)P FOR 1780

_FOR 1790

ZZ=5ORT(AOS(O)) FOR 1800
!JSI Tcql, -1 7j)=X+T FOR 1810
1, -3(1ENI EN) FOR 1820
I-S CNA, Nl0), Y+T FOR I840

F7 (O.LT . ER?)G O13FR14
C -1 2 )GTO2SFOR 1650

REAL PAIR FOE? 1890

C FOE? 1870

ZZ=P+SIGNCZ2,P) FOE? 1680
FOR 1690

WL( 1-1) =WRL (NA)FO?10
IF (Z.NE 27RO) WTIL(lEN)=X-W/Z7 FOR? 1910

L~I~( N) =EOFOP? 1S20

Wli 7IE(1N) =27RO FOR 1930
~~S(IENNO)FOR 1S40

R=C-0.77FOR 1960
OZ','/P? FOR 1970

C 0=2_ 
FOR 1930

R*-** OW MODIFICATION FOP 1990

CFOR 2000
C DO 123 j=NA9N FOR 2030

22=Hs(NOA J) FOR 2020

I Sr:oAJ)=O,2Z+P*HS( IEN,J) FOR 2030

I-is( ZEN, J) =O*HS T EN, J) P*ZZ FOR 2040
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C123 CONTINUE FOR 2050

COLUMN MODIFICATION FOR 2070C DO14IIINFOR 2060
DO 124 I ,NAIE FOR 2090

Z3~H(I.F~)FOR 2100HS(I,NA)=J*ZZ+IP*HScI, lEN) FOR 2110
HS(I,IEN)=Q*HScI, IEN)-P*2Z FOR 2120124 CONTINUE FOR 2130

C IF (I2.LT.N) GO TO 127 FOR 2140
C*** FOR 2150

cACCUMULATE TRANSFORMATIONS FOR 2160
DO15C=, FOR 2170

DO 15 IKLFOR 2!60
ZZ=-N1 NA) FOR 21S0
Z(I.NA)=0*22+P*ZcI, lEN) FCR 2200
Z(1. IEN)=Q*Z(I. IEN)-P*ZZ FOR 2210125 CONTINUE FOR 2220

C GO TO 127 FOR 2230
C**** FOR 2240

CCOMPLEX PAIR FOR 2250
12C R(A=+ FOR 22S0

126 4RLNA)X+PFOR 2270WRL (IEN)= '4+P FOR 2280LJIM(NA)=ZZ FOR 2290W4IMCIEN)=-ZZ FOR 2300
127 IEN=IENN2 FOP 2310GO TO 102 FO 20C FOR c230

ALL ROOTS FOUND, NOW FOR 22 40
****BACKSUBSTITUTE FOR 2350C FO -29

128 IF (IZ.LT.N) GO TO 156 FOR 2370RNORM=ZERO FOR2 2330s
KA= 1 FOR 2290DO 130 I~i,N FO 20

nO 129 J=KA,N FOR 2410
RNORM=RNORTI+ABS(HS( I,J)) FOR 2,'20129 CONTINUE FOR 2430

KA=l FOC7 24e,0130 CONTINUE FOR 2450
IF (RNORM.EO.ZERO) GO TO 156 FOR 2460DO 145 NN=1,N FOR 2470o

IEN=N+ I-N4N FOR 24S0
P=WRL( lEN) FOR 2-1,0
O4JIM(IEN) FOR 2500
NA=IEN-1 FOR 2510
IF (O.GT.2ERO) GO TO 145 FOR 2520
IF (O.LT.2ERO) GO TO 137 FOR 2530C FOR 2540
****REAL VECTOR FOR 2550C MINFOR 2550

M=ENFOR 2570
H-S(IEN, IEN)=ONE FOCR 2SSOIF (NA.EO.0) GO TO 145 FOR 2550
DO 136 II=1,NA FOR 2600

I=IEN-II FOR 2310
W=HS(I. 1)-P FOR 2620
R=HS( I.* EN) FOR 2630
IF (tIi.GT.NA) GO TO 132 FOR 2640
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DO 131 J=M,NA FOR 2650
R=R+HS(I,J)*HS(J, IEN) FOR 2660

131 CONTINUE FOR 2670
132 IF (WI(I).GE.ZERO) GO TO 133 FOR 2680

ZZ=W FOR 2690
S=R FOR 2700
GO TO 135 FOR 2710

133 M=I FOR 2720
IF (wIM(I).NE.ZERO) CO TO 134 FOR 2730
T=:W FOR 2740
ii (H.EO.ZERO) T=RDELP*RNORM FOR 2750
1S(I,IEN)=-R/T FOR 2760
GO TO 128 FOR 2770

C FOR 2780
C****** SOLUE REAL EQUATIONS FOR 2790
C FOR 2800

134 X=HS(!,I+1) FOR 2810
Y=HX(!+!,t) FOR 2820
O ( iRL(7)-P)*(WRL(I)-P)+WIM(I)*WIM(I) FOR 2830

T=( S-Z R/OFOR 2240
HIS(I,iEII)=T FOR 2850

IF (0BS(XO.LE.ABS(3Z)) GO TO 135 FOR 2860
HS(I+1, TEN)=(-R-14*T)/X FOR 2870
CO TO 133 FOR 280

135 HS(I+!,IEN)=(-S-Y*T)/ZZ FOR 2690
136 CONTINUE FOR 2900

C FOR 2910
C****** END REAL UECTOR FOR 2320
C FOR 2930

GO TO 145 FOR 2940
C FOR 2S50
C****** LAST UECTOR COMPONENT CHOSEN FOR 2950
C****** IMAGINARY SO THAT EIGENUECTOR FOR 2970
C*r*** MATRIX IS TRIANGULAR FOR 2580
C FOR 2690

137 M=NA FOR 3000
C FOR 3010
C****** COMPLEX UECTOR FOR 3020
C FOR 3030

iF (ABS(HS(IEN,NA)).LE.ABS(HS(NAIEN))) GO TO 138 FOR 3040
HS(NA,NA)=O/HS(IEN, NA) FOR 3050
HS(NA,IEN)=-(HS(IEN,IEN)-P)/HS(IEN,NA) FOR 3060
GO TO 139 FOR 3070

133 CONTINUE FOR 3080
23=Ci;PLX(2ERO,-HS(NAIEN))/CMPLX(HS(NA,NA)-PQ) FOR 3090
I-S(NA,NA)=T3(1) FOR 3100
HS(NA,IEN)=T3(2) FOR 3110

139 HS(!EN,NA)=ZERO FOR 3120
HS(IZN, iEN)=ONE FOR 3130
IENM2=NA-1 FOR 3140
IF (TENM12.EO.O) GO TO 145 FOR 3150
DO 144 II=IIENM2 FOR 3160

FOR 3170
I1=HS(i,1)-P FOR 3180
Rn=77RO FOR 3290
EA4-(I. IEN) FOR 3200
DO 149 =h11,NA FOR 3210

RA=RA+HS(!,J)*HS(J,N ) FOR 3220
SA=SA+HS(I,J)*HS(J, IEf) FOR 3230

140 CONTINUE FOR 3240
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IF dL,!IridI G7.7?,)t) GO -O 141 FC7?3

CO TO 114C
141 Nil -" T'

7 ,E3.=T3(2) C.
GO T0O4

c
SOVEr rCOMPLEX E0UIqT:O 1.'

142 -- F

) Z' 3 i

7Z, 1

1-LS-.T 7

'4r CONT)I'43 1l C O14

143 C' T N X'- ,

1"C7 II N) V''S

144 C47 T
C AND '1 -)G

CDO* l,'c:-mr,'-;2

145e CON? lNI

IF] E3VUDSIT'TTC 01G 1 ::

00 1450r,

~~*H 70 J:) £J

cON I I ,
7V:IL YT304IC aRX i

C0



IO COIL NU FOR 2'S304

C r,1 7i:': CR a~z S:S'

NO CONV=iRSE-NCETTE 27-0 ITERATIONS 7CR 2S
HET 727R ZNJIC.T7? TO0 THE INDEX< :UR 39 0

''''~F C:-m 2 50
14')1 7::'7 71Fh .2 CR 1 7 0

E~ 70 L
00TO3 r C2 s

7 ' "L 10
77D

< C;-
ST i~C'e C-50

.23c- '' E~ ' 0'
c ic7 0o

FCC 0*s , 0

I- r''" -'o :

7':1, . -2-:3 CO!

~~'LJ n~ENEO 2ThHS 1(10

c110

j7< 18(

n:s i S
SFItS ISO

F1:S 210

i.:-:5 2,:,0
1F1-S 230

:15 p--, to

-~~ I: +"3''' j

7' CO . AD I 0 '0
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C FHS 270
DO 102 II=M,L FHS 380

I=MP-II FH-S 3-90
D(I )=A( IM-1)'SCALE F'KS 4 00
H=Hi-DCI)*D( I) FHS 410

102 CONTINUE FHS 420
G=-SICN(SQRT(H),D(M)) FES -1,3
HH-D~tl)*G FI-5 440
S(N)=D (N)- FH ,-: 450

DO 105 J=tltN FI-3 430
F=ZERO FH-S 470

C FES <S0
C***DO 15 I=LgMo-1 FF:S 4S0

C FHS Efl0
DO 103 II=M,L FES Si0

I =,'P- TI F- S L520
F=.7+D ( I) *,AI, J) FI- :S 530

103 CONTINUE FlHS E40
F=F/H F- :s C-50
DO 104 I=NL FI:S 5so

A( I.J)=A( I, J)-F*D(I) FFHS 5710
104 CONTINUE FHS 580
105 CONTINUE FX-S C90 1

DO 103 I=1,L FK-s c00
F=ZERO FFKS 610

C FH:S 820
**DO 30 J=Lv~pl,- FX-5 G30

C F!-;S 8-40
DO 109 JJ=M,L Fi-:S 650

J=NP-JJ FF3F 850
F=F+D(J)*rA(I.J) FE:S 670

108 CONTINUE FHS 880
F=F,,HFXS 880

DO 107 J=ML FH-S 700
A( IJ)=A(IJ)-F*DCJ) FHS 710

107 CONTINUE FJ-S 720
108 CONTINUE FF3: 730

D(M)=SCALE*D(M) FHS 740
A(N N-i )=SCALE*G FI-S 750

109 CONTINUE FI-:S 780
110 RETURN FI-S 770

C FI*:S 760
END FFHS 7S0
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SUBSROUTINE GZOC (NEV,EURLS, EMATCKiAT, DMATPBHICHPXPYPNPCRT,PRMP,MCZC 10
is) G20 20

c 0-ZO 30
C*****4************~********4***~******~*******~***aI***GZC 40

C *G"DC 50
C*** THIS SUB-PROGRAM FERFOC.v . THE FOLLOW IN'S FUNCTIONS: *GZC G0
C * 1. OBTAIN CjND STORE CG>'16LaET- 17ORIMATION A20UT THE *Gz33 70
C *Op7r-CTRCUIT 7IPD CE MA~TRIX IN PARTT.L FRACTION 'vGZC s0
C *Ex.?.N3IO7N (PFE) FORM. *GC-z C 1
C * 2. CKH-C! OF OR-r.s . REPEATED EIGENVALUES. V~czc 100
C * 3. PRINT ENTRIES 07 ZOC, IF RECUESTED. *G2C 110
C **CZC 120
C**-*. THIS SUB-PFZOGRAM LEE7S THE FOLLOWJING SUBROUJTINE: *GZC 120
C * 1. GCEOCFR *G7C 140
C * 2. **** LTN704 **; L7ER,?Ry DEFENDE7NT ROUTINE XG0-Z 150
C *= *03 60
C~**** THIS SUB-FR0GR;,1"S 0-LOSSRY OF FCRTPAN NXIES-5 *DZC 170
C *ALL VARIABLE N;NES A~ND ARRAY5' AS DEFINED IN SU3-PROGRAM AMAIN *GZ ISO
C * "DE 190

C********************.************.*************** C*DC 200
C DEC 210

COMPLEX C!-:.C NP 1) 020 230
INTEG7R ER, TYPEP G~0ZC 240
DI2NENSION ENAT(MS,1), Cqm.1,DMATTNP, )o NFDRT( 1) DEC 250
COMMON /ENOS/ NCAP.NDUSNRE"SN7-INONDCSN;CPRT DEC 260

C DC 270
C*****flTAIN THE INVERSE OF THEF NIODAL MATRIX G20 230
c LEC 290

DO 104 I=1,N DCz Z00
DO 102 j=',1 DCc 3_"10

i02 %"I J)=CMFL<(0 00,0.00) GEC ?20
104 Y (I.i)=CMPLN,( 1. 0" P0. 00) DEC 3?0

C DEC 240
C*********SSTNDEPENDENT ROUTIN'E FOR FINDING INVERSE OF A COMPX GEC 250

C**A'1* TRIX DEC ---0
C DEC 370

Cr.LL LINEO04 ".EUo,,20.,NqTE7R) DE 8
IF (T!=' NE.0) GO TO 122 GZC 3_90
Do 03 I 1Wi DEC 400
DO 103 J=1,N DEC 410

U= 7,LCEU(I.J)) DEC 420
U T se -E( I, J)) 0-C 4 0
U~rP L(X(I1,J)) DEC 440
U1V~ SN II. 7 "" J)) Dcc 450
IF (P.2SZU).LT.I.0CE_-15) U=0.0000 G2C 460

CC(U.L..0E (!)1=0.0000 DEC 470
I. 3rS(U1).LT.1.00_-15) U1=0.000 DEC 430
IF ,~ 3 %U.L .C0-15) U1=0.000 ECz 490
E((,J)=CMPLX'(U.U) GZC 500

103 CONTINUE GD-r '-20
C G2C 530
C"*** FC:ti THE rINU*."PT PRODUCT Z~C :4Q

DO 110 !=!,N E'C Es0
DO 110 '=1,i'CPRT czC 57j0

SU7.=ECN?.LN("0. 01000, 0. 0000) G'C 5SO
P-3 193 11=1,H DZC 590

103 GZ~N I "~~~.)DC c00
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BH(I.J)=SUM CZC 610
110 CONTINUE czc 620:

C CzC 030
C-.*FORM THE PRODlUCT C*T CZC 640
C c20 650

DO 114 I=1,NCPRT 0-ZO eso
DO 114 J=1,N G20 670

SUM=CMPLX(O.00,. 00) c20 EE0
DO 112 K=1,N 0-20 690

112 SUM=SUM+CMATCI,K)*EU(K,J) GzC 700
CH(I,J)=SUM G7C 7,10

114 CONTINUE G2C 720
C ZCz 7S30
C-* CHECK FOR REPEATED OR JW-AXIS EIGENUALUES: G20 740
C U-70 750

IWARN1=0 HE2 GO0
IWARN2=0 G020 770
DO 120 I=1.N -zc -,s0

UI=REAL(EJALS( I)) G20 790O
Vl=AIMAG(EUALS( I)) cZC c00

116 IF (J.GT.N) GO TO 118 G20 020
U2=REAL(EUALS(J)) 7 E
U2=AIMAC(EUALS(J)) 0-20 940
AU=AES CU2-UI) r00 C-50
AU=ABS(U2-UI) 0-20 930
IF ((AU.LT.1.OOOE-08).AND.(AU.LT.1.OOE-08)) IWARN1=1 020_ 670

J=J~0-20 E30
GO TO 116 G20 E990

1-18 IF (ABS(Ul).CT.1.OOE-OB) GO TO 120 CZ;C c00
II4ARN2=1 02'C Flo
EUALS(I)=CMPLX(-0. 1000,1)) 0-20 £20

120 CONTINUE 0-20 £30
IF (IW-ARN1.E0.1) WRITE (6,124) 0-0 £40
IF CIW.ARN2.EO.l) WRITE (6,128) 02C i50

C GEC EG0
C*.*WRITE THE INVERSE OF THE NODE ADMITTANCE IN PFE FORM# IF DESIRED 020 970
C 0-zc £30

IF (PR.NE.1) RETURN 0cc £90
CALL GZOCPR (CHEH.Y.NNPORTPDMATEUALS.MP.MS) 0cc 1000
RETURN 0-20 10l0

122 WRITE (6,128) 0-20 1020
RETURN G7c !Oz o

C G-2 1040e
124 FORMAT (lH0,13H** WARNING **v/1H 947HREPEATED EIGENUALUES, ANSWERSGC 1050

I MAY BE INACCURATE) 0-20 1010
126 FORMAT (lHO,13H** WARNING **p/IH 937HJW-AXIS POLE PRESENT HAS BEEN:Z 1070

I SHIFTED) c0 C CSO
128 FORMAT (lH0,22HSINGULAR MODAL MATRIX )=' :cso

C 0 rC 1100
END 0-'C 1110
SUBROUTINE CZOCPR (CHAT, BHAT.X, NSTU, NPORT, DMAT, EUALS#fiP.MS) CP 10

C 0-7P 20

C-*~* THIS SUB-PROGRAM PERFORMS THE FOLLO:,IMG FUNCTION: 4 =e 40
C 1. PRINT THE ENTRIES OF THE OPEN-CIRCUIT IMPEI)ANCE MATRIX*[;_P 50
C *IN PARTIAL FRACTION EXPANSION F02MP IF REQUESTED. G~ O
C cc'2P 70
C - THIS SUB-PROGRAMgS GLOSSARY OF FORTRAN NAMES: so2 9
C ALL VARIlABLE NAMIES AND ARRAYS AS DEFINED IN SUB-PROGRAM *92P s0

204



c * zot. .Gzp 100
C * CZp 110

C****~*******.****.********a********************~ *****G2P 120
c GZP 130

COMPLEX CHAT(M?.I),E TCS1),X(iS1),EUALS(l) GZP 140
DIMENSION NPORT(.1). EM:AT(M.1) CZP 150
COMMON /ENOS/ NCOP, NDU ,NR7S. HIND, MDCSNCPRT £-ZP 160
WRSITE (6.10G) C7 P 170
DO 10 4 1 = 1 R T G-ZP 180
DO 104 j=1,NCRT G-ZP 190O

W-RITE (6,108) NPORT(I)tNnFCRTI(J) G2P 200
DO 102 K=1,NSTV G2P 210

102 X( 1 v! 0=CHAT ( I ,K ) *HAT(GK,-J) CZP 220
k~iTE (6,110) (XN(1,K),,ZUALS(K),K=1,NSTU) G-EP 230
W~RITE (6,112) DNAT(IvJ) GZP 240

104 CONTINUE- CZP 250

RE -1 URN GEP 260
C, G-P 270

10S FORMAT (1H1,29HOPEN CIRCUIT IMPEDANCE MATRIX) G.Zp 280
103 FORNIAT (lX,2H3-(#,4.I2,1HLi,,I2,2Hi):,'!H v12Xv7HRESIDUE,27Xv1OHEIGG7P 290

IENU';'_LF) C2P 300
110 FC.'ZAT (!H ,X,E!2.5,2H- J,.E-12.5,4XE12.Sp2H+JE12.5) GZP 310
112 FORMAT (lH0,SXCONSTANTz, 212.5) GZP "20

C CZP :3Z30
END CE-P 340
SUBROUTINE XORDR1 (NFREO. NSTU, EHAT. CHAT, EU, HN2FREQ, DMTZSZS1,LOSHOI 10

IRC. N2TNZT1, NI,, PLHAS7., MS) HoI1 20
C Hol1 30

~ 40
C **HO! 50
C***-.* THIS SUB-POGRAM FERFORMS THE FOLLOWINIG FUNCTION: *HO so
C 1. CONPU7TH FI RST ORDER TRANSFER FUNCTION AT EACH *HOl 70
C *POSITIVE AND NEGAqTTUE INPUT FREUENCY UALUE. 'chD1 s0
C -~*HO1 s0
C**** THIS SUB-PROGRAM; S GLOSSARY OF FORTRAN NAMES: *HO1 100
C NFREO0 MN'ER OF POSITIUE INPUT FREOUENCIES *FHD1 110
r. * NSTU NUMBER OF STATE UARIP.BLES (CIRCUIT COMPLEXITY*HO1 120
C * H(19J) I-TH PORT FIRST-ORDER TRZANSFER FUNCTION UALUE'*HO1 130
C *AT HICJ) FRECUENCY UPLUE *HO1 140o
C A PLL OTHER VARTABLE H AMES AND ARRAYS AS DEFINED IN *HO1 150

C~T' 11 SU1RGA II *HOI 160
C * *H01 170

C*. *.*****.**i.*****************~**.***~****************D 1180
C Hol 190

COMPLEX SUM,SEU(1),CHA-(MP,1).OHAT(MS,1),H(M?.1).TH H01 200
DIMENSION £41T(NP.1)v NFORTCI) KOI 210
COMMOIiN /CO03/ I(0.M().H0)LITH01 220
DIMENSION' FHASECS) H01i 230
COMMON /016/ NCONT(3 2)vJCONT'UO) HOI 240
COMMON /ENOS/ NCi;P, NDUS. NS, M 3PIND. NOCS.MOOT HOI 250

C H01 260
C****** FORM POSITIUE7 AND NECATIUE FREQUENCY ARR.AY FOR ANALYSIS H01 270
C H01 280

nO 105 !=l.NFREO HOI 290
K=NFPZo+ I -:01 300
PHASEI)=3.1415E2S54*PHqSE-'I)/180.0000 HOl 310
TH(I)=CMLX(0.0000.PHA3ES7 I') I 3 20
TFIC:=CMPFLx 0.0000-FHi~S.-(I)) Fl 330

AN?(K)AMP(I)HOl 340
103 1()=UI)HoI --50
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C H so3
C***-* OBTAIN THE FIRST-CRD7ER TRANSFER FUNCTION A7 EACH FRE0'L'FrNY POINT 270:~
C

DO 140 L=!.NFR70QOn
IF (LUNIT.E6.2XH HZ) J20O*31.34W1)
S CMPLX( 0.00. NI) F:

E P g(0. 00, 0. 00) '

DO110 s 1NT S3U+

GO TO (:11S120,:23)9 N2T
115 1- (1,L) = ICN+CiUL EY.^T0 OC 0'C~lLX.' -,0. 000) '3

CO TO l120
120 FH(IL SU +DLD;T 0 0303) *2E3 4

co TO 13l)-
123 J- T, 0 . 0 0))-$/
130 F,( 1 9 FR3E0O+L=C G; 1-1 ' I , 1
133 CONTINUE3

C
140 CONTINUE

C L:
C***** COMPUTE RESPONSE DUE TO SECOND-CENZRTC~p IF PRESENT
C

IF (T '.)GO TO 175 t

INP2=NCON7(LOSR0) ~ *

N2RE=2*NFR-O £
DO 170 I=1,NOUT r, 37

SJM=CMPLX((0.000O.000) C,:
DO 143 iK=1,NSTU U

143 Cu.u+H)(I;2{(~I?2'S3()

D:-:qT=Dr17c (. INP2)
GO TO (10N9.9) 'ZT' £3

I50 H( 1, r;' R)= (SU:+CrPLX(H;X,1)0. 000) )/C.FLX(7SI, 0. 00O) . U
GO TO 193 .

153 H(I .NEOP"7)(SU+lCL (D-")T, 0. 003)) *2S*3
GO TO !G3

ISO W Nf3O=(U+CPXC T0. 000) )/2533V' 3

170 CONTINUE
175 RETURN3

C .

END
EUflRDUTINE HC=72ro SU NL~.E.3-~.C~.H HNFE, ~'

lICS. TEMP. DMTvN2'-RPTv C.NOT '.S
C

C*-** THIS SUOFRCR r,-OCR-S THE- 'LC-IL 17I: FUN,::T::ON: ' : c!)
C 1. CC£"iPUF 7;-;z' VC0OfEILF2FNTIN£)U S AT 4:;:
C *r71 N.-,H~7C; O- fl I 0 7 -,~7) ND ;:T~
C *F[3EOUZNUYC~e UAL .

C 3
C*** THIS SJ-PR30C7X:.S C' l3 7 C 7D-W'' E:
C P2 H2EJ) ; 1-:- £?.T EC-3-C7L .:2, ~ 2iT*'

C

C * N2;77PT YOT:"CL;':' 3T7
C IE257.2

206



C * FCU I) I-7Th FREC2E'7Cy C 2.2D3T7CN CC:!=22IS
~ * SW2CL) N2-02-2E2:'C-T70 THE t.-TH 20

C jTh OTH P, ~ E,.~ 7,2 (222nYS Ts~N C1-;22 2i0

C 41-22 220

c 240

H -7.2 233
:~T'T' FU 1) 1-2 2 '7

2213 H222 z00

F:2Z23 0

Cy 0
c 

COTBI K2 e3

C o !S3 KC 34

F2kC k2 440

12J~~F 29Jz1 - 1~

ED (22' F') 2O

U= R1-2 0
c1 -0

'4 "' 2U.02U31234,1(I+,IJ) -2

C Co-- ,1 5 -7,12 ) NE 22 6-

2 3: 1- C 30

C -l 1-22 *S2
C~ nC:* TDV I- 22? F: T: 2 0 2222 50

C*** V:22 ~

21/ 0'_ 22 2 2-90

C*-***'* N'0L -7~S CL2~ L - 3

5-.2 2:2z C22J J2A 2L, 1-22 770
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SS=(HUCOI1,II)*H(ICOr'2,jj,+H(ICON2,II)*H(ICON1,JJ))*AI(L,5)H02 730
1 /2.00 v' C

SRC2(L)=+ (SP+SQ+SS) EL. 00
GO TO 130 K2 8:0

C**- NONLINEAR RESISTIVE SOURCE 8 2 0

125 SRC2CL)=H(ICON1)*HCICON2,JJ)*AI(L,2) Q21 650
130 CONTINUE F:- E20

C -~S0

CN-, FORM1 ZOCC S1+S2)82
C .2 Es')

DO 140 J=INCS Z12sCa
nO 140 tl=1.NCS F )1

SUPI=CTIPLX(0.00, 0.00) cn-
DO 1_"3 L=I.NSTU H

135 SUU+ I L)*BHTL.)/(S-EJ(L)2 c_ 10
DHAT=DNT(J, N) r:3E ,
TEf1P(J. rB=SUM+CMPLX(DHAT, 0. 0000) K -2 E

140 CONTINUE - .0
C 02
C4-*** OBTAIN SECOND-ORDER TRANSFER FUNCTIONS3 K I- ESO
C -.._2 i1, 0

DO 150 J=1,NCS :.2 C i0
SUr1=CMFLXC0.00, 0.00) , 2.
DO0 145 N=1,NNZLE M LC Z 0

M3=2*CM-1 )+NPOUT+1 1-_2 i
ICOCSNC0NT tN3) H:ci a 2

145 SUM=SUI+TECIP(J. ICON)*SRC2(M) 12
F12 CJ, K )=SUM 12
IF C(NTYPE(J).EO.NL).4rcJD.(CUM.EO.00.00)) H2fJK)=0.00 r2w

150 CONTINUE E
C )

155 CONTINUE0
N2FRPT=K -7 )
RETURN

C
END -- 3
SUBROUTINE HORDR3 (NFRNSTUNNELEN,(EUEHATCHATH,H2N2FW31-3,NI-O3' -0

ICS, TEMP. UNT, KK.FCU, NPOUT. NPirIS) *:-.3 2
C : 0

~ 4)
C C. E
C -*~ THIS SUB-PROGRAM PERFORMS THE FOLLOWTIN2 FUNCTION: ~£
C * 1. COMPUTE THE7 THIRDl-ORDlER TRANSFER FUNCT"ON UALULES AT v:-,E'3 TO
C *EACH POSITIUJ- COMBINATION O7 THR7EE POSITIVE AND . )
C NEGATIVE INPUT FRZOUENCIES TrKEcN ;qT A TIME. E o

C -*e THIS SUB-PROORAM,-S GLOSSARY OF FORTPAN N,'TES: :2 :0
C * H3(I.J) :I-TH PORT THIRD-COflER TRANSFER FUNCTION UALU7_*K03 120
C *AT 11ECYI3(J) i2 02
C * 13(J) J-,;- F-03ITINJE F _O'jNCY VALUE A=PEARING IN 4:;-:3 14')
C *THE TH7D-O7nZR SPECTR~UM 0 S 0
C * FCU'J) :113( J) FRPEENCY C0 -:3,-':. TT0N -012
C * SRC3(L) THIRC~f-:?EE C-*J' tZl7 S 01U72E~ D!_' 70 L-TH To0
C *NCNLTN7r-i? ELEMNEHT

C * ALL OTHER VARIA2 - ilAMNE5 AND ISO ~DFIE I
C * SUB-PROGRAM AMAI1l ; 2 0:

C L ~ A
~~ 220)
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C HC3 230
!NTEG7R FCUC1) H03 240

COM1PLEX ES25
15~Ti~?, ).HU~P ~K03 260

D2I'EN310N W3(1), D~lT(tN?,) F:03 270

£1 11 ..~l TY 1 ~ 4 c0, '-A 10 , U 1TH 3 290

CO1Ii0N /ENOS./ KPNUNE.N50 DS C03 3),10
£1T1 NL/2XNL/ rO3 220 r

I ";l 0 F03 --Z0
C F-33 240
C-* INTIL!77 F:03 -50
C F:03 290

E-3 105 F:.IC 03 370
103 EH)1?~0.000)i03 23 80

C F;03 90
C****-* CC71PUTl2 THR-ORDER TFNSFER FUN>CTICN AT E! CH FREQUENiCY COM~B H03 400
C H03 410

23 153 1NF2 H03 420
E3 :5 2=. 03 430

3] 15 ~J.F:0H3 440
H03 450

IF(0N.Y0.0 90 TO 153 H03 460
r-,03 470

13 "'' ~U1K03 4S0
FCU'')- 00~+0~+K 03 4S0

IF LUNT.E.:: .7H) DUNI"=2.10000*3.141532,634*DUI K0350
H03 510

Ifl>CI)*~27IC>1/2 03 E20
K03 530

2 E' , +: F:3 540
~i=-. ~2-2*J-1)'3KH03 550

c !:03 5G0
C***** FU.Z1 NC0LNW2P CL:7772T SO-T=C- U-C7ioR H.03 570
C K0 3 530

E0 130L=.NVg H03 590
L2=2z-1)+i CJT-~2 H:03 600
7r I (NTL3) H03 610

CNT (L3+' 1) K03 C20
G2=H(21In-1C11J)*H1(ll!. K) F;03 630

G=31-'1I!X9(~,1±1I1J*2I1I)H(C,)H(0 640
I I!.i)K03 650

£2I2000" -':3 r3. 00000 H03 630
IN Z- 1 N7L) K03 67"0
GO YO (110-715,120.123), INDZX I;3630

C H03 690
C-** NONLIND'2 CPFAC 11f,'- S30U72rE H03 700
C H-03 710

110 3L, =(G31,pIT( L, 3)+G231427(L, 2) )*S H0~3 720
£0 To 130 H03 730

C K03 740
C** NONLINEA INDUC77U7 S£URCE H03 (50
C F03 760

115 17 IDUNI.EO.0.00) GO -O10 H03 77-0
£2:2L~G:~(.3)G23~2(.2)/S 03 780

£0 TO 120O HC3 790
C H03 So0
C~- NCiNLINEAR 1£EP3NDEN'T SOUPCE H03 310
C H03 S20
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120 C232=Hl(IC2, I)iH2(1C2,J1)+H1CIC2,J)*H2(CC2, 2)+Hl(1C2,K)*H2(H03 630
1 IC22,11) K33 £40

C233=HI(ICI, I)*H2iIC2,Jl)+Hl(ICIpj)*H2(IC2aI2)+H1(IC1,K)*H2(H0;C3 £30
I IC29I1) F.02 £30

C234=H1(1C2, I)*H2(IC1,J1)+H1(IC2,J)*H23(ICl1I2)+HCIC2,K)*H2(ZD3 670
1 ICI,li) Ho3 £30

GC33=(H1(IC2, I)*H(IC,J)*H1(1C2,)II(1,H(C1,K)*H1IC Ho3 £0

(3=(H1I I(IC,!)*H1 ( TC1,J,)*H1I2K)Hi IC, H( IC1,K)*Hl( ICH03 £20

I 2,I)+H1(IC1,K)*H!rICe,1)*Hd2AIC2,J))*A7:(L,9)/3.000 I K013 =£30
G2C2 j *rq(L,3) H03 E40
3232=2.0000*G232*qI(L,4)/3.00000 Ho;- £30

I 3--+G24 Ko, £70
CO TO 130 E: -3

C F-.03 E£2.0
C*** NONLINEAR RESISTIUE- SOURCE K23 1000
C F-03 1010

125 SRC3(L)=G31*AI(L.3)+-231*AI(L,2) -.33 IC2J
130 CONTINUE 0O 10,30

C H03 1040
C*-**~ FORMI Z0C ( SI+92+S3 EH03 IC5O
C E--3 1030

DO 140 JJ=1,NCS F:03 1070
D0 140 M=ldiCS D0 30

SUM=CMPL'XC.00, 0.00) H.C3 1
DO 13 5 L=1,NSTU :0 1100

135 SUr1=5UM+CHA1T(JJ,L)*BHAqT(L,M)/(S-EJ(L)) V'03 1110
DHAT=DMT(JJ. 1) K C,3 ;1120=
TENiP(JJ~r1)=SUM+CMiPL>XDHAT.0.000) K0O3 11320

140 CONTINUE F:03 1 40
D0 150 JJ=1,NCS F;03 150

SUr=CNPLX0. 00, 0.00) K03 1160
D0 145 tI=l.NNEIEM K03 '170

M3=3*CMl-1)+NPOUT+1 H03 1:20
ICON=NCONT(CM3) H:32 1190

145 SUM=SUM*T£NP(JJ, ICON)*SRC3Il) F;03 1200
H3C(JJ,KK)=SU1 HOS 20
I F ((NTYFE(JJ).EO.F L).ifl.CD)UM.EO.0.00)) H3(JJPKK)=0.00 E03 1220

150 CONTINUE H03 1230
C E03 1240

155 CONTINUE K03 1250
RETURN F:03 1230

C H023 1270
END H03 '1230
SUBROUTINE II4RIST (NFREO,H1,NPORT,IRP,NOUT,I"P) 'L1 10

C T. 1;1 20

C -~ THIS SUB-PROGRAM PERFORMS THE FOLLOWING FUNCTION: Irl1wJ E0
C * 1. PRINT THE FIRST-0?EFI TRANSFER F'JNCTION AND OUTPUT *_XI1 60
C *UOLTAGE UALUES A-T EACH POSITIE INPUT FREOUENCY UAI HE *TI43 TO
C A T THE REGUESTED PORTS. * C" o
C, ~iLI £0
C-*.- THIS SUB-FROCRAM -S GLOSSARY OF FORTRAN NAINES: 1100
C * HI(I#J) : UPON ENTRAN07: I-7N PORT FIRST-OfLE'R TRRS * 1

C *FUNCTION UALUE rAT l1(J); UPON EXIT: I-TH PO21--'!! 120
C. * OUTPUT UOLTAGE UPLU A' T FRECUENCY 1J1(J) *: 12, 30
C * IAP :PRIN'TNG OPTION FLrg UAPI4A2LE *1 11 !40

210
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C A LL OTHER UARIABLES N;;'ZLS AND ATRAYS AS Dt-FIrED IN *1W1 150
C * U3-PROGRAI" AMAN. C. W! 160
c ' *7IJl 1!70

C iw! 1.90
DIMENION NPCR(1) iWI 200
COM-PLEX H U(MP, 1),7H MW 210
COrlNON /003/ W!(!),~iP(10),7HU0),LUNIT 11,1 220
CCO21ON /7ENOS/'N.DSWE.IUNC~C IWI 230

C eW! 240
C-** CHE:CK IF RESFONSE7 IS TO E7 PRINTED (AT rLL EXTRACTED FORTS i1 250
C 11,1 260

17 (IAP.EO.1) GO TO 105 M!: 270

K=NOUT 11,l 290
GO TO 110 i,!i 300

105 T~ LW! 210
1'' N CS MW! 220

C iW! I2'0
C*A** PRINT THE FIRST-C7:ER -RANS7ER FUNCTION AND RESPONSE AT EACH -7141 210
C*-* OUTPUT FORT AND FR-7CUc7-, 1W!3 T50
C 1! .. 0

110 DO 130" I11N71770O TW 7
L.2TT17 (Gi35 I.W1kI).LUNIT W!250
w 7T (6f140) tso33
14R1TE (6,145) 1MI <00
DO 123 J=L, K -,,'1 410

IOUT=NPORT CJ) 1-W! 420
NCADS H1UOUTP 1), 430

U=-RZAL(H1U'OUTI)) IWI 440
V-ANt'1C(HI(IOUT, I)) 1141 450
H!l(1OUTg 1)=rAN'PU)*Hl(I0UT,I)*CEXP(THCI)) MIi 430
YMAS=CABS(H1(TGUTfI)) 1141 470
YLJ'-REAL(H1 (TOUT, I)) 1WI 430

'~'~-TAG Hi lOT, )):wi 490
IFCAAC.Q..00 G O TO 115 11,1 500

P.11320. 000*ALOGIO ,AMNGN) 1wi 510
AE=A'A2('U,.U)itU30.000/3. 141592654 ILJ1 E20

GO TO 120 MW 520O
115 AD3=-1.OOF+ZO 1 540

PFX, S =0 .00 0 00 1W! 550
120 WRITCE (6#150) ITOUT.UUPAN1AGNADBYUVYtAG,PHASE Iwi 560
125 CONTINUE 1W! 570
130 CONTINUE IM! 530

RETURN IWI 590
C 1W! 600
13 FORMAT C1H0Y12HFIRST CRDflER:,15Xv11HFREOUENCY( tIlPSH )= E1O.3,2XIW1 610

1.A3) 1WA 620
140 FORiINAT C1H0.34XpIHTRANSFE7R FUNCTICN,40X,!4XOUTPUT UOLTAGE) I1-a 630
145 FOR~MAT ('~SH PORT .BX,4.u=-LPXEHNAGINAY,X9HAGNITUlE,6I 640

1I<,SH20LOG tA9X HEL X HNGNYSHACIUE6.SHAE /W 630
2sF~,42HNO,114X,3l-D7"G)/, il .3,4(lH.)tGX,57(ill.),3XP53(IH.)) MI! G60

150 FORMNAT (1H .4(.I!2 4X.7(3>(,E12.5),3X~77.2) 1W! 670
C 1w! 630

EN I 11,11 690
EUIROUTINE IWR2ND (N7RE=O,NE--FRPT.H2,NPCRTI27:C,W2,IA~,NOUTMP) IW2 JiO

C1142 20
~ 114230

c 1 W112 40
C**** THIS EUB-FROGRAM PEr7ORMS THE FOLLOWING FUNCTION: *1142 50
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c * 1. PRINT Tb: 7 TRANETE?-- FUNCTIO3N SUD OTPUT 7H$ ,)

C U'u tPORo3
C *9

C**n THIS SUB-FOORCGRN4S -2O&? ~~'NH C

C * H27( J) L '~
c *741 T.:r- ' ~ C0>5
C -T .23- Oj '

C *2CJ 37- C!
PSLS- ...... *7******1^33 -- N)7I1

D IENSION ?.CR TH' CW ~ 2 -2

COM-1MON /003k W,3 0f)2u3 yH >L>T7;
COMNMNON -'ENOS / Nr- C~ 7 2 :Z : 3 t 3.2-

C*C*HCZEC K I F RE7SPOCNS E S ,D 70 Fr~ I T 7L WSCE POR:1 TS 7

±- CGO.O1)0 TO 103

K=NOUT
00 TO 110

105 L=1
K =NC S

C*n*rxPPRINT EECOND-ORER TIISN ' EE WU3lCT7C,-N P1 EPOS T ESOM OUTPUIT3
C*****FO7T AND POSI-TIU. FREQUENCY -

110 DO 130 I=1,N-27rP.
IF (1,12CLTO.C0O) CD TO ::o

C***** DECIPHER FFECUENCY COMO37NATION

ICOMO=IEFC( I)2
11=1 CONO' 10
JJ=ICO,1S-1OCI 0
LL=JJ 0
IF (LL.OT.NFREt-O) LL=NFPREQ-LL1
WRITE (Sf135) I!, LL, 1,1C 1 LUNIT .2 ,
L2ITE (Go 140)

WRIT (S145) 2 a:
DO 123 J=LK 3

IOUT=NORT(J) -

u=RESALC H(iOU-r, i)
U=AINAO(H-2( !LOUTv T)

1 J))T
r 1I0.2 '2lTOIJT,7T=:'F"'OUTp7)/C'1?L2 (22.OOO,O.OOO)

H2 C~UCB '0j, 1)

W2~ ClQQp(lUT, T 1

T'' 200 TO lfl.A'rp5-eL
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GO TO !20 7V23 00

[172 122 720

< 3 170 :'s43ND 7=I -, ,4 E:4 I,%E(7C7 ,--, : t 7C ,72 H '2 77)

'3 7273717C> 12 F- A?' .2TT77.>22 70

I: 1 1: '12z ": o

o -1' 7> 277 7 :: 2 :277373012 0
c -. FC>'N 71 '71>122&::2 OUTiU 730U 1 3 &0fl

o*C*s THIS E'_- -"r'~' F.-, C' ' F; C l iN". 5 '00
O~~~N 1,! -- r ' " > ' l '' 7* 3 '0

o T-: -,--IT 0 TRAIN37 t!3

r£_ .".3 dO17

P 22:12:1-' E33 L70: S I 1 J)7 0LUT 127 2

£ 1231230

-- TTl 112.1 00 0 23*

Cv* U* 0IT_' 10 7S- TF0 nLT7'' TDPOT 3 Z""0

103,! 3 07
GO TO~ _!CESn

10 .,: ZS0

C***** [21247 >H172-2721)72227 7720CT%.N AN R"S N 3037- AT %£.H OUTPUT 11.3 :S

110 02l 1,E3 2=,~72 o

IL'3 '4'0

100;i2M27C71) 12-3 '430
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II=I~rI'II 13 440
JJ=(ICOMIOO10*II )/10 !W43 450
KK=ICOMI3-100*I I-10;tjJ i:2 430
J1=JJ 11-3 C'

K I=KK T 1 4CIO
IF (J1.GT.NFREO) J!1NFEO-J1 113 '480
IF (Kl.GT.NFREO' K±-zNFREO-Kl 11,3 -110
WRITE (G.135) II.J1,KiW3tI)9LUNIT '13 5lfl
WRITE (6.140) i11 L Ro
WRITE (6,.145) -7., 5' 3
DO 125 J=KL )103 tl ;0

I OUT=NPORT(CJ) '143

U=REAL(H3( lOUT. I)) T 0
U=AIMAG(H3(I0UT. I)) IV
OIU=CMFLN( 1.00.0.00) T 2"
IF (I.EQ.JJ).OR.(JJ.E0.KK)) DIU=CTIPLX(2.0O0,OO.OO) 3' CO0
IF ((Il.EO.JJ).AND.(JJ.E0.:2K)) DIU=CI1?LXS.00.0.00) itlcGi

H3 kI OUT, I ) H3 (I GUT 1)*CE7XP (TH (1))CZ-XP(TH (JJ) *EXp (TH KK)X143 630O
%MAG=CAqBS (H3 ( lOUT. ) 114 £43,;
YU- R7AL(H3( lOUT.I)) TL43 630
Y'U=Alt1AG (H3 ( I OUT, I) 11!"3 £30
IF (A11ACN.ED.0.0000' GO TO 115 IW,3 670
ADB=20. 000*RLOGCAM1 GN) l1,3 630)
PHASE:=AT;2U'Y L80.00/3.1 4i5982S54 13 C30
GO TO 120 1 N3 700

115 ADB=-1.ODOE+30 lk13 710
PHASE=O. 003 !L,3 720

120 WRITE (6.150) I OUT*,V1.AGN ADB, YU,1YU,'MAG, PHASE T!3 30
1,25 CONTINUE 1! 1,: 40
130 CONTINUE 1143 750

RETURN iLW3 760
C '13 770

135 FORMAT (1H0.I2HTHIRD ORDER:,ISXI1HFREOUENCY( .II.lHp'.2pIH.qI2v5H143 700
1 )= .EIO.3,2XA3) T[ 3 7S0

140 FORMIAT (lHO,34X.I7H7RANSFER FUNCTTON,40XP14HOUTPUT VOLTAGE) 1I 3 G' 0
145 FORMAT ( '/1 X, 9H FORT E3,HEALB9i!rAI ,YG.HIGIUES-! 810

IX.SH2OLOG tl.'9X.4HREAL.8X.V H~tCAINARY,X,g~-1^GNITUOE.6,X,5HPHAS -./IW3 C20
2,5X,2HNO.114;<,3H036./1,1H lW(H)6,71.)3<5(H) 13 £30

150 FORMAT (1H .XI.X73XE253.F2)11,13 V40
C I1N :3 £30

END 11413 660
SUBROUTINE JSPCTM (Y91.Y2. ,:NFREPN2FRPT.N3FRPT.F7RY'?UT.U42.W3.IPJS-p 10

C TY~oP J£P: 20

~ 40
C *"ED 50
C**** THIS SUB-POGPAN PERFORMNS THE FCLLO!4:NG 7UNCTIONS: .--sp 60
C 1 . PERFORMN AN -HISTC!l.,!, A('.,,ALV.S!S 6F ALL T:-:E OUTPUT * -1S,- 70
C *FRFOUENC' CC ,or N-tS rNO COM31NE THE PEPEATED ONES. *-iSO so
C * 2. PRINT AND PLOT T7CO';;?LET7 OUTPUT SPECTRUM1. *Jsp SO
C *-CSP 100
C*** THIS S'3-P JwEhES TKFE C OLL~idVO' SUIED'JTIN3-S: *JSP 110
C * 1. JPLTSr 4IjSP 120
C * JSP 130
C*-*** THIS SUS-PPRAtl!C' L055;APY 0:" Fvo P:, *~SJSF 140
C Yl '(I.J) 1--5 F2YTe rFj~zi-0:709 RESPONEE AT 141 (J) *Js ISO
C * Y2(1.J) I-Y 02 %ND~-D20 7R TE?7EAT 1,12(J) 7C IG0
C Y3 1,UJ) I -iH P,'r -I4lPD-O.?E77: rIUSPONSr AT 143(J) *JSF 170O
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C N IS71:O %TOTAL NL133, OF INPUT FRECUENCIES *jSP 180
C N2F1KT tOY*rL NLuM2:R OF POSlTl'UE AND NEGATIVE *Is :so
C *FRtcuCU T7~IS 1iN 7;H S7 O-Wl-3ODER RESPONSE *, S? 200
C N r37IRPT : O11L plUi.3-? 07 NO-NZEG.TIUE FREQECS *.2SP 2!0
C Ifl Th!1:?3-O\7=E*F;3? 3 *JSP 220
c FR : VLUES CF DISTINT FlrE01u iTCIES INA THE OUTPUT *jSP 230
C *EYU *jSP 240
C * yci) : J-TPULT PRT VOLT~r.E AT FRECUENCY FR (I) *JSP 250
c NOUT :OUTPUJT PRT !NCEX *.2SP 280
C * YG(I) LOG OF -R',- OUTPUT VGLTPAGE T FREUENC FR(l) *jSP 270
C t*J5P 280

COMPLEX isp?1,2~.;.3r?1.()T Js 1
DN7ENSION FRhI), N2(1), W3t1)p !PT(I)p \'LG(1)t lFRUNT(2) iSP 320
COMMiON /0031 is 25 30
CWO NAN /0G ISP 3-4 0
£X IATA T() IR1(/7-j5~.HER-TZ / S? 350
lOUT- =jC0'IT (t'OUT) isp Z33s0
ICCON=2 isp 370

C ISP 380
C-*** PACK TlH' VARIOUS CR=2E R7SP S FOR -H7 RECUIESTED OUTPUT .25? :30
C*-~** PORT IN-TO AN AR"A FOR mHITCP t ,{L7,IS ISP 400
C jSP 410

00 105 !I,NFR7O ISP 420
FpR,' )1"f (I) ISP 430

105 'YCI)=V1(jOUT.I) JSP 440
KOUNT=NFPREO ISP 450

C ISP 4G0
C SECCNf-Or5=R RESPON SE ISP 470
C JSP 480

DO 110 1-' T17RPT ISP 430
It': (12(I).LT7.0.00) GO TO 110 isp 500
1'OUN7=TOUNTl 1isp 510
Y'f(KGUNT)=Y2(JOUT, I) ISP 520
FR (CNT)=4W2() JSP 530

110 CON'TINUE JSP 540
C JSP 550
C THIRD-ORDlER ESPONSF ISP 560
C JSP 570

DO 115 T~N-1P1PT JSP 580
KOUNT=;,DUNT+l 1 SP 590
Y(KOUNT)=Y'3(JOUT. 1) isp Soo
FPC',UNT)4.J3(I) ISP 610

115 CONTINUE ISP 620
C ISP 630
C-**** 1NITIFALIZE ISP 640

C ISP 650
DO 120 I11itUNT JSP C60

12C IPT(I)1 .JSP 670
CJSP 680

C***** PERFOX) -HI STOGRAM- ANALYS5IS ISP 690
C JSP 0

N7PTl=:'O.JNT-1 ISP 710
jO 3 Z=j.NFPT1 JSP 720
IPTLJL=7Pl( I) jSP 730
IF (IPTUAL.LT.I) CO TO 135 ISP 740
PFREO=FR( I) ISP 750
I1=T-:.l .25? 760
D0 130 J=I1,KOUNT ISP 7110
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IF (FR(J).EO.PFREO) GO TO 125 JS? 780
CO TO 130 JEP 7S0

125 Y(I)=Y(I)+Y(J) _, COO
IPT(J)=IPTUAL 2s? si0

130 CONTINUE i£? 620
135 CONTINUE j£? 61-0

C 2£?p C40
C*-* PRINT COMPLETE OUTPUT SPECTRUM 2£? S5
C 2£?£3

IF (LUNIT.ED.3HRAD) ICON=1 2£? 90
WRITE (6P155) JOUT 2£? Es')
WR~ITE (6,160) IFRUNT(ICON) 2£? CE0
DO 150 I=1,1'OUNf TS, 2£? £0

IPTUAL=IFT( I) c.? I",
IF (IPTUPL.LT.I) GO TO 150 s8? 20
AMGN=CRDSCV(yI)) 2£? £3
U=REAL(Y( I)) 2£ E40

IF (ANAGN.EQ.0.000) GO TO 140 £ £0
YLG(1I)=ALOC1OtANAGN) 2? %
PHASE=ATAN2(U,U)*1S0.000/3.1415S2S542?£0
GO TO 1452£ 0

140 PHASE=0.000 2£? 1000
YLG( I)=-1.0OOE-*3O 2£ici0

145 W-RITE (6.195) FRtI),U,U.Ar1ASNPH~SE ? 13
150 CONTINUE 2£?1(0

C 2?14
C***-w PLOT THE OUTPUT SPECTRUM 2,S?
C .£? i130

WR!ITE (6,170) 22? ,- 100

CALL JPLTSP (FRYLG,KOUJNT.23,23HLOG CF OUTUT MAGNITU~tE) 21?jUD
WRITE (G.175) IFRUN'T(ICON) 2£s1p~
RETURN -11i00

155 FORMAT (1H1,//,1X,47HSINUSOTflAL STEADY?-STATE OUTPUT RE-SPO NSE AT P028? 1120

IS0 FORMA~T (//7X, SHFREO*UENt CY. I 1%4XREAL.12X SH4I " AINARY. 8X. SHMAGMITUD7EJSP 1140
1,12,5HPHASE,/8Xa 7,674<,2Hl3C,/1Hi GX,82(IH.)) JSP 1150

165 FORMAT (1H ,5.'<El2.2.4XPE12.'?,E,<712.3,5X,E!2.3,7X,E12.3) 2£? 1190
170 FORMART (1H1.45X,31HESONSE' P0ANITUBE US FREOUE7NIV) 2£?' 1170
175 FORMA~T (1H0.55Xv1HFREUNC'e (.SPH) 2£160

C 2£? 11s0
END 2£? 1200
SUBROUTINE JPLTSP (XX.'qYNDATAvNBLAEEL2) JT 10

C JRT 20

C*-** THIS SUB-PROGRAM PERFORMS THE FO1..LO!4TN'G FUNCTION: *2?pT 50
c 1. PLOT THE COMPLETE OUTPUT SPECTRUM1. 4s? co
C 0*jpT T0
C**** THIS SUB-PROCRAN USES TH,£ FOL.LOWING ELU3TOUTINES: *~? EQ
C * 1. JEEP *JPT c0
C * 2. JLCOMP.2'PUT (FUN:CTION SUB-PPOGRA-1S15 *-PT 100
C *jP *J 11.0
C***-* THIS SUB-FROGRAM;!S CLOSS;07Y OF FOTr.1N *4E -';DT 120
C * )X CO0,':t.c1TEv OF DA~TA (FREPO2E>CY) 2PT 130
C *y Y COC2D7NATE OF DA~TA (LOS t1rSNITUDE OF OUTPUT*-',IT 1."0
C N3HUMBER 0'F CHARACTERS IN Y AX T LABE'L *2?T 150

C ~ ~l LAr2 TS TITL-E 1H F! LLE?1T-m ?C Ni;;T
C ND AOTA NUMBER OF DATA POINTS *J;DT 1T0
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C *JPT 190
~ 190

c jPT 200
PZP.L JPUT JPT 210
DIIIZENSON SYMBfOL(4), AI'As:(c1)p XSCALE(12)t YSCALEC(51)p PLQT(51#10JPT £20

1) JPT 230
D11NSTONM YX(1)v YY(1) JPT 240
DIN-NSMO LAEFEL2C6), LB(60) JPT 250
DATA kSYNIZOL(l),I =, 4)/M0-*-:**-****, 10MOOO00000010000 $~$, 1JPT 260

(0WAx<'cSM , 1 1-1, 1.0) /7000O00 000 000 0 00003 t770000000000JPT 270
200000O,7700000O000C000J3,77CO0000000OC03,770000000000B,7700000000JPT 280

40N-------0--17UTLT T T Ti I17, PLUS/! Oil .......... JPT Z0 0
c JPT 0
c CT-NERATE GRA~PH LA2ELS JPT 3320
c jPT 230

N2=N3 jPT 3240

c JPT 290

C ZERO GRAPH ARA TO ALL BLAN:(S JPT 2-70
c jPT 280

DO9 103 I=1951 ~jPT 290
DJ3 105 j=1,10 jPT 400

105 PLOT( IJ)=ELANiK JPT 410
c jPT 420
C FINDl DATA MAXIM1UM A.ND MIIMUMS JPT 430
C JPT 440

xrAq%=;X( 1) j."'T 450
JRT 460

YX=Y~1)JPT 470
M-N=MAXjIT '430

I;: (N3AT;1 LS.0) GO TO 115 JPT e,90
DO 110 j~l,NfATA JPT 500

X'~"=MX 1 (WR1XP p< XX)) JPT 510
XMIN,^,MT~l(XVINP,"(J)JPT S20

YMX=AiM;<i CVAX. VY( J) JPT 530
110 YI~iNXll(YINP .YYJ)) JPT 540
115 CONTINUZ JPT S50

c JPT 560
C flETERM1INZ X AND Y9 INCRMN'S JPT 570
C JPT 530

100 / XMA<-XTN)JPT 590
YSE=O. ~~X'~iIN)JPT 600

C JPT 610
C CCNSTRUCT HORT20N'TAL F7ZNCE LINTZS JPT 620
c JPT 630

DO 123 7-=1,51,10 JPT 640
IF (I.LT.2) GO TO 125 jPT 650
DO 120 J=1,10 JPT 660

120 PLOT(iJ)=OASH JPT 670
123 CM TlhtIE JPT 680

C JPT 690
C CONSTRUCT UEIRTICAL ~RERNC LINT- jPT 700
C JPT 710

&po3410 JPT 720
J~-10 JPT 730

00 13i-n 1.51 JPT 740
6 U.IV:= JPT 750

TES~CPOT(.J~).t~Of~SUPO))JPT 760
TDASX= (DASH. AND. COS)JPT 770
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IF (jLCONP(TESTTrASH).EO.O) SYrl=PLUS JPT 780
130 PLOT(I, j''CD) =JPUT I p_"_71D JO~.1039SYM 11PLOT) jPT 790

c JPT S00
c flETEP4IINZ X,"? LOCiATTOil C7 D.;T POINTS ON GCqPH JPT 810
c JPT 820

N7 '7=NATAJPT 630
Do !143 J=!,NO:F jPT 640

JYK'=C YJ)-\', )NZW'3C+1.5) JPT 650
-(01(>CJ)MN))C0 5) JPT 660

JF~J/10+1 jPT S70
jpOS~'nfl(JX, 1)+1 jPT 630

DO 143 J=JY jPT 690
ES7=Pl 07 J, jl.)AN.rASKjpoS)) jPT S00

L _~N..r,:KJC31) jPT 910

jPT 930

GO TO 133 .JPT E30

T71 C P fLLT T). El. 0) CO TO 1 3 JPT 970
.72zO T LP'7T-S). iE. 0) CO TO 140 JPT EE0

c .PT 30
C INEZRT SY~i.1L FCR EA-,.^ POINT JRT 1000
c JPT 1010

13 S.SY7P() 1020
co To 143 JPT 1030

C 27 1040
C IF T',L-7L EACTC PO:N'lTS IN E' PLOT LOCATION USE SIGN 277T 1050
C **9;W6*- iCN IS I~-ITJFOR BAR GR?H FCRM OF OUTPUT jPT 1060
C JPT 1070

140 S Y I= ',' T DL~ 1) 27 10i30
143 PLO C 277t I JJ CDJOSM 5 LT 1090

C JPT 1100
C GTZrNE-f37T X f4,N Y' SC~tES JPIT 1110
c 27P7 1120

ro 150 T-1,51 JPT 1130
150 YEI=T,;CI10YE+~2 7 1140

Lo 153 7=1,11 jPT 1150
N JPT 1160

0/1= JPT 1270
I E .L0.10 JU10. PT 110

193 11 XEC 1 23N 0 1' I27 1200

P~I~7 10 2T 1230
DO 175' 1=1.51 .JPT 1240

_',_=52-1 JPT 1250
-- 11 2T 1260

180 I) I27 1270
I7 ir~1 CO 7O !G3 JPT 1280
i F LO GT.G~1~ O TO 1S0 277 1290

163 .-F ]0)co TO 'i'( jPT 1300
rR 1.1 1S6, fL(I),.TSZJC, LOT (C J) J=I1.1T) JPT 1310
M0 TO 7 JPT 1 72 0

"07 1~' '~ VS5: 7_) P C (J2,J) . J = 1.IT 277 1330
175 ccN77, _, 277 1240

P11;;P 1027l'50
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RETURN 2?T 1730
C -2?7 13s0

180 FORMhAT (13X,1HI,20(5H.... I)) 2?? 1400
165 FORMAT (1X#A1.1X.E9.2v IX, IH+. IOA1OoAS) 2?7 1410
190 FORMAT (2XvE10.3, XlxIH+. 10A10,AS) JP7 1420
163 FORMAT (4X.11CSXvlHU)) _97? 1430
200 FORMAT (4XEIO.3,3X,5C!OXEIO.3)',7X,5(IOX,EIO.3)) J?? 1440

C 2?T 14S0
END J;D" 146 0
REAL FUNCTION JPUT(AMASK, J.JWORD, JPOSSYM, NPCN, PLOT) 2? 10

C ? 20
C JPUT ARRANGES DATA POINTS FOR PLOTTING _2? 30O

DIMENSION AMASK(I0), PLOT(NPDN, 10) 2?p s0
REAL JPUT J? GO
JPUT=(PLOT(JPJWORD).AND..NOT.AMASK(jPOS)).OR.CAMiASK(JPOS).AND.SYtiX.'? 70
RETURN 2?! 00

C so5
END 2? 100
FUNCTION JLCOrIP(IK) 2'LP 10

C 213P 20
C JLCOrIP ARRANGES DATA POINTS FOR PLOTTING -'LP '20
C JLP 40

IF (I.GE.O.AND.K.LT.0) GO TO 105 22? 50
IF (I.LT.O.AND.K.GzE.0) GO TO 113 22 G0
IF (I-K) 115.110,105 70 T

105 JLCOTIP=1 SO £
RETURN 22?P SO

110 JLCOMP=0 23' 100
RETURN *2 '20

115 JLCOMP=-l 22 123
RETURN J,? P Y

C 22?P 140
END 2-? 1!:0
SUBROUTINE JSEP (IDlIV2vMsLAB.LA) 23Z? 10

C-**JSEP SEPARATES THE ALPHABETS IN THE Y-AXIS LABEL FOR VERTICAL 2£? 3
Cv**. DISPLAY is5P 40J

DIMENSION LADCIDl), LA(ID2) 2£?' 60
DATA LAN(/IOH 11 E25: 70
IF (N.LE.O) CO TO 120 25? £0
DO 105 I=1.ID2 JSp s0

105 LA(l)=LANK is? 100
LIM=(M-1 )/10+1 -IE 110
DO 115 I1=1.LIM 2E? 120

N=1 1*11-11+1 25? 230
LABEL=LAB (II) 2£c? i40)
K=LABEL 2 5, 50

DO 115 12=1.10 25? 9
JJ=N-12 2£? 170
IF (JJ.GT.M) CO TO 1102? 0
K=MOD(K64) 25? IS0

C 2£?P 200
Co-** BOTH IEHFTLA AND ISHFTRA ARE SYSTEM DEPENDENT ROUTINES ****2P210
C E1 £0

1K=ISHFTLA(K#54) 25? 230Z
LP(JJ)=K iSp E240

110 LABEL=ISHFTRA( LABEL, 6) rSP 250
115 K=LABEL JSP 230
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120 RETURN 55? 270
C 59? 220

27) .35 290
EUCU SEKRX-NU CI-NTYn.NEEO) HEX 10

C KFI 20

C -,- ;FI1 40
C--#* THIS E3F22NPERW-C?N"S THE 'OLMN 7UNCTION: *KEI 50

CO, ;r 1 £025TEvz2EC HRI~T 7OR E'-UENCY SWEEP i KEI 60

STH-I-s E3EC225VCB CT7TS NA2S: KFI s0
C * INY? ra CF TECEC INC:E2ENT9 (LIN V~ LOS) *CI 100

C. ii22 ''-%£ 175 J7Z (LE. 5) '41 110 ii
0h. USX> 752 (-75)D -725 S DEFINED IN *;7F7 120

VI *71 140

C c~p -,X V 160il
cc~sm~ cc~ F70710.fl2(i7~253E10)9LUN1 T X 18

C.- 1"71 200
I*,,I C CC-,C !,hM c , No i~C -,, ±'t DES7)D KFX 210

C K F1 220
IF H -N GO 0 11 K1 220

C KEI1 2.40
C-* LO] FCECJNC v7,t E 250
C Ili:I 23S0

173 1.05 - ,7 'WF HE 270

±.3 T2;:2X CHI7Q(V 'FF(>>1.000,/(STPS-1. 010) H1 290
FETOW171 300

C KEl 310

C H7) 330
11 10 11 7-,--l iCE! 3 40

SS LT,:C STF'1-1) HEX 350
R~ -N::" r 1- FTJ3 'S HEXKF 360

FETuON KEI 370
C KE 380

EN) HF! 390

C HKld 20

C '.(fl 40
711-- T 'i'73 E3P2,D0"751," rsrC::3 THE FLLOIII-NS FUNCTION: *KFU 50

C . 2287 TE HCEENTE0 F'2UENC" UALUES FrOR THE NEXT *KEU 60
C 7A\SS *7,FL1 70
C *,*j7QF s0
C*-~*- THIS OF-2C~l~ 24351wC CR3,71N NS2E.=S: *KEU D 30

C V~' Nr'ThT (20-85 CARRIED OUJT #,177F0 100
c *170U 110

C1 r57r. 17:.-?r7 S,:LT 7)EZCUE'NCIES t-[CFU 120

'C" 3) CXSCED*V 460

1.clCEU 170

220



C KI 3
COMPLEX PHASE l7U 200
COMMON /003/ FR(l0),AMPC!O)vFHA-3E(13)vLUNIT IKWU 220
COMMON /004/ NSTPSC5)%FRINC(3),rH7FR(5) i'FU -20
I FLAG=0 117v 230
INRCN :::U 240

C -ICEETTHE INPUT FREQUENCIES v~ 250
C KFU 230

DO 105 J=I.NFPEO KFU 270
IF (I.GT.NSTPS(J)) GO TO 105 KFU 230r
FR(J)=FR(J)+FPRINC(J) 2~
IFLAG= 3 U ''

105 CONTINUE K7 F 1 0
IF (IFLjAG.EQO) RETURN 1VFU 2 0

C 11.J U 40
C***4 PRINT THE NEW FRECUENCY' UALUES 4U 0

klRITE (6,115) LUNIT !7
00 110 J=M,NFR7EO I i 23 0

110 kRITE (6,120) J-FRCJ) KFU 2C0
RETURN I "17U el0 0

115 FORMAT (IHI,18HINPUT FREOUENCIES:,/IH ,SFEUN 7XHAU(A.U 4 20

11H) ) U 43
120 FORMAT ( IHO, 4X oI I v9'X, E O. 3) 40

C KFU 450
END "'FlJ 430
EJEROUTINE LTRANS NEG, N! 9 NADD KK, NL!BN, ER, NFRO' , NTO, TYPE, 1 CONT VA 1 I ' -10

lUE.MNODE.lEY) LT? L
C L0 . 0

0 40
C *THIS SUB-FRIOGRA PEP7CRNS THE FOLLOW-IMO', FUNCTION.S: W 7p 50
C * 1. READ TH7E BIPOLAR TRANSISTOR PARAXETERS SPECIFIED BYV --" Go2
C *THE USER. Fl)1

C * 2. CPLCU!LATE TFZ C01FFICIENTS OF THE M LIERELEMENTS R' EoI
C * PRESENT IN Tr'ET EQUIVALENT 7RASSTOR MOIE7L. so
C * 3. FORM TOPOLO3Y DEScC71PTION A"RAY'S 2.13E2i ON THE Tr 1.00

C EOUI~iJILENT FZFR'ESENTATTON. P 0'
C i*
C-1** THIS SUB-PROGRAMOS C-LOSS3,RY OF FORTRAN NAIES: i 0
C * NEG U37R SPECIF1ED ELErIENT(S71j7CE) NUMBER 4"-- !,;0
C NI N: NODEr NUMBER FOR THE BA~SE T:NML 'P*
C NADDO CUR",RENT HIGHEST BRANCH MUGRIN T,-E= LINEAR R '.-0
C N-7ETWORK ,p i0
C KK UPON' ENTRANCE:. CURREN!T o=:E TNMNEAR? 4 P
C *ELEt'ENTS; UPON EXIT- UE C:: "ZIINEAR CL1 P S0
C *ELEMENTS AFTEZR INCLUJSIONl C=' TR7,A.NS7TOR [ON- 4!-' p 0
C * IEA L NII 2!0
C * ALL OTHER UARIA3LE IJNSAND ARRAY'S -,SrT EF 1NED1 IN TR F2 ~0
C * SUB-PROGRAM AMAIii. -r 20
C *--T PL40

INTEGER ERPTYPE.P.C L PE7 ~0
REAL IEP ICP1CMA1<1011i.'113.N.I!N $-l 0-
DIMENSION ER( 1), tiG1c.rTO(1). TYPE(1., UiLECl. FEY(i) TCC"; P .

1T(1), NLEN(1) LAP C12
COMMON /001/ NTYPTElO).,AC10,) LTR C,
COMMON /016/ NCONT(Z2),jCONT( 10) LTP Z20
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COMMhON /ENOJS/ N04p,NDVtSNRES,NINTJNDCSPNCS LTR 330
DA~TA R.C-h ZNC,ND/2.i Rv2H C,2Hi)'.2HNC,2HND/ L.TR 340

C LTR 350
C**-* NODE NUMBERS FOR EMITT-7RPCOLLECTOR.AND lNTERNAL JUNCTION LTR 3S0
C LTR 270

NE=Nl+3 LTR 280
NCJ=NI+-2 LTR 330
NJ=Nl+l LTR 400

C LTR 410
C*-READ TRANSISTOR PARAMETERS LTR 420

C LTR 430
RE;;D (5,I120) N,UCr3rT0,U,IC,ICiAX,AP.H-EMAX LTR 440
READ (5*120) KREFCjE.CR2pRB#RC,C3 LTR 450

C LTR 460
C***~- EMITTER RESIST1&C rNONLINEARITY LTR 4704
C LTR 480

NADD=NAiDD+l LTR 490
ER(NADD)=NDl LTR 500
NLDN(K! )=NADD LTR 510
N'7R ON C NADD) -- J LTR 520
N70' ,NqDD):=N" LTR 530

TYPT'NADD)=,'; LTR E40
H7E=HFEf',X,'. 00+p"( (LOCI 0(11 C/CMAX))*-2)) LTR 550
IE=ICU( I *00+1. 00/HFE) LTR 560
01=37.5*IE LTR 570

~s(KI )CILTR 580
A((K,.2)=Gl**2/IE/2. 00000 LTP 590
0(K:K. 3i=Cl*%:C/IE**2/6. 000000 LTR 600

C LTP 610
C*-*** COLLECTOR DEPENDENT HONLINEARITY JTR 620
C LTR 630

MO=1 .00./Cl.00-(UCB/VCBO)**N) LTR 640
l=,"*UCB** (N-I,*rlO-2UCBO**N LTR 650

M3(-.0000 )*M1/UCB/2. 00+Mll*.2/MO LTR 660
D11l=2.CO0 2*((N-1.0000)/2.00tJCB+2.0*Ml/MO)/3.0000 LTR 670
DIUM?=Ml*C((N-1.0000),'2.00/UCB**2+(MI/MO)**2)/3.000 LTR 680
M3=DUMI-DUM2 LTR 690
SM1=IC*MI'r10 LTR 700
Si2:-IC-i12/10 LTR 710
S[1,= IC*M3/M0 LTR 720
D!,JM2=FALOGIO(2. 7121828)*2. 000*AP LTR 7-30
DJU11=ACGIO(C ICMAX) LTR 740
A2=HF~1..3*DUFMAXD+1.I+APLOC1021B218).IC-EA LTR 760
A2=HFEM**3*DFM*(1 0+AP*IJUN2.1*2DU11DU2)0I/HE LTR 750
03=1,6z.00)(-2.00*2IC+12.00*(A2/A)**2-A**3*DUM2*2/.0/AP/ILTR 770
IC**2/HFEMAX) LTR 780
jj=,.<K+l LTR 790
NADIl=NADl LTR 800
NLEN(J=NADD LTR 810
B8T(NA3D)=NADD LTR 820
NFRO(NDl)=NCJ LTR 830
NTD(NAD1D)=NJ LTR 840
TYPE(NAfD)=ND LTR 850
I CONT(CNAiDf) =NAD+2 LTR 860
jC0NT(JJ)=NPBD+1 LTR 870

rdJJ1)=~1*i0~(KK 1)LTR 880
A(JJ,2)=SN1l LTR 890
A(JJ.3)=2*M#iIO(, l)**2+tA1.M0*A(KK.2) LTR 900
F4(JJ#4)=StM2 LTR 910

~CJ5=1.~~K.1) LTR 920
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A(JJ,6)=A3*MO*A(KK, 1)**3.AI*M0*A(KK,3) 20*A24.MO*ACKK,1)IIA(KK,2) LTR 930
A(JJ,7)=SM3 LTR £40
ACJJ,8)=A2*M'11A(KK,1)**2+Al*M1*A(KK,2) LTR £50
A(JJ,9)=AI*M2*A(KK, 1) LTR £G0

C LTR £70
C-*4v COLLECTOR-BASE CAPACITANCE LTR 980
C LTR 590

NADl=NADD4- LTR 1000
BR(NADD)=NADD LTR 1010
NFROM( MADD)=NCJ LTR 1020
NTO(NADlf)=Nl LTR 1030
IF (ABS(C3).EO.0.OOOO0000 GO TO 105 LTR 1040
TYPE(NADfl)=C LTR 1050
VALUE(NADfl)=C3 LTR 1060
KEY(NADIJ)=2 LTR 1070
NCAP=NCAP+l LTR 1030
GO TO 110 LTW 1090

105 VALUE(NAflD)=1.0OOE+06 LTR 1100
TYPE(NADD)=R LTR 1110
KEY(NADD)=5 LTR 1120
NRES=NRES+1 LTR 1130

C LTR 1140
C-u* EMITTER CAPACITOR(LINEAR) LTR 1150
c LTR 1190

110 NADD=NADl LTR 1170
BR(NADD)=NADl LTR 1180
NFROM(NADD)=NJ LTR 1190
NTO(NADD)=NE LTR 1200
TYPE(MADD)=C LWR 1210
UALUE( MADD)=CJE+IE*CP2 LTR 1220
KEY(NADD)=2 LTR 1230
MCAP=NCAP+ 1 LTR 1240

C LTR 1250
C-41 BASE-EMITTER CAPAC'ITANCE(LIiEAR) LTR 1260
C LTR 1270

IF (ABS(Cl).EQ.O.OOO) GO TO 115 LTR 1280
NADD=NADD+1 LTR 1290
BR(NADD)=NADD LTR 1300
NFROM(NADfl)=NJ LTW 1310
NTO(NADD)=NE LTR 1 20
TYPE(NADDJ)=C LTR 13;30
VALUE(NADD)=Cl LTR 13240
KEY(NADD)=2 LTR 1350
NCAP=MCAP+ 1 LTR 1360

C LTR 1370
C-*~ COLLECTOR CAPACITIVE NONLINEARITY LTR 1330
c LTR IZ90

115 LL=KK+2 LTR 1400
NADD=NADl LTR 1410
BR(NADD)=NADD LTR 1420
NFROM( NADD) =NCJ LTR 1430
NTO(NADD)=NJ LTR 1440
TYPE (NADD )=NC LTR 1450
NLBN(LL)=NADD LTR 1460
A(LL, 1)=K/UCB.#MU LTR 1470
A(LL92)=-ACLLvlI)/UCE/6. 000 LTR 1480
A(LL3)=A(LL, 1)/UCB**2/27.00 LTR 1490

C LTR 1500
Co-* COLLECTOR RESISTANCE(LIrIEAR) LTR 1510
C LTR 1520
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LTR 1530
L~z i LTR .3:40

~'L ITR 1550
h-,*]~ LTR 1560

L TR 1570
Z LTR 1530

3, W- LTR 1590
-LTR 1600

c LTR 1910
-. '~ !7R)LT R !C20

LTR 1330
LYiR 1640
LTP 1G50
LTR 1630
JTR 1670

31 LJR 1630
LTR 192

-LTP 1 700
c LTR 1710

LTR 1720
ii7 jLN1LTR 179

JRP 1740
u.~ LTPJ 1 50

c JTR 11-00
T7 ~ 2~ 7,.U~t L.TR 1770

7 -:' ::C. 70,':,,7YP. H7EriAX LTR 173El 0
12 C,1 J 33) K- F 7, CJ3 2 CR r 1790

(,14~ F, RC C 1 ,C3 LTP 1000
JRT 1810

c LTP 12 0
0 CR 1830

:q fl -CR~L 74,:' "7-w:TES:,,:H'J,2HN'=,FT.311X4VCB=,F7LTR 1840
j j~ c.~,:<2~72*~7.)LT R !E50

13 r .. , HC[-,qX,E10.3,4X,2HR.,F7.3,11X7HFE1~lTR 1890
:7.2) LR 18S70

LTR 1830
140~~ 'H7~ (1 X O3= 73. ,73,13, :, 3;-C1=,E12.3,5X3HC3=, E12. LTP 1200o

A 3/20)o LR I1910
CT JR S120

JRP 19 30
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5-4. System Dependent Cards

Program PRANC was developed on tfl CDC 6500/6600 computer system at

Purdue University. The system dependent cards contained in the program are

Listed in Table 5-1.

TabLe 5-1. System Dependent Cards

Sub-Program Card Identification Number

AMAIN AMN 2200,6000,6430

GZOC GZC 380

JSEP JSP 230,250

The sub-programs, and their functions called by the cards listed in

Table 5-1 are as follows:

SECOND: Subroutine SECOND is used to determine tho elapsed time in seconds

in performing a sequence of PRANC phrases.

LINEQ4: Subroutine LINEQ4 is a Linear equation solver routine, used to in-

vert a complex matrix.

ISHFTLA CI,N): is used to perform an N-place arithmetic left shift on I

(circular).

ISHFTRA (I,N): is used to perform an N-place arithmetic right shift on I

(end-off, sign filL); e.g. K = ISHFTRA (1,1) sets K to 0; K = ISHFTRA (1,0)

sets K to 1.
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CHAPTER 6

CONCLUDING REMARKS

As stated earlier, the fundamental objective underlying this research

effort was to examine the computational aspect of the Volterra series

method. In the process, we developed an efficient algorithm for adapting

the Volterra series method for computer-aided analysis of nonlinear cir-

cuits. A semi-symbolic approach for analyzing the linearized part of the

nonlinear circuit was used as the basis for this development. The algorithm

was implemented in a computer program, entitled PRANC. The main contribu-

tions of this effort may thus be identified as follows:

(1) The development of an efficient algorithm for adapting the Volterra

series method for computer-aided analysis.

(2) The development of a symbolic approach for analyzing the linearized

circuit.

(3) The development of a digital computer program for the spectrum analysis

of nonlinear circuits.

As part of the effort, several network examples were exercised on

PRANC. The execution times involved in these examples indicate that PRANC

is highly efficient from a computational standpoint. Networks with several

nonlinearities, several energy storage elements (as in Example 4-2), and

multiple input frequencies involve execution times which are small and easi-

ly affordable.

The fundamental criterion in the development of PRANC was computational

efficiency. The results from the use of PRANC indicate that this criterion
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has been met successfully. The "ease of use", which is another important

performance measure in software development, was not given as much weight in

this effort. As part of continuing work, it is recommended that several

user-oriented features, such as free-format input, built-in device model-

ling, parameter variation feature, etc., be incorporated in the program.

The computational efficiency inherent in the present version of PRANC to-

gether with certain "ease of use" features should render it a powerful tool

for analyzing nonlinear circuits.
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Appendix A. A DEVICE MODELLING EXAMPLE

In this section we present an example of how to obtain mathematical

models for nonlinear devices. The mathematical models so developed can then

be used to obtain equivalent circuits for analysis purposes.

Most devices commonly encountered in electronics, where one would be

interested in computing the harmonic distortion due to the nonlinear opera-

tion, are operated in the active region where the device operation is

quasi-linear about an operating point established by the circuit bias. Here

we develop the incremental model for some such devices. It is important to

make a distinction between total and incremental nonlinear circuits. Total

model, or global models, interrelate the total instantaneous voltages,

current, and/or charges in the device. Such models are used for operating

point or large-signal analysis. The incremental or small-signal models for

devices are derived from these globaL models by some kind of an approxima-

tion (usually a Taylor series expansion) around the operating point. In

deriving incremental models, it is desirable to have a model that is in-

dependent of the bias point in the normal active region, so that the non-

linear effects due to a change in the operating point can be predicted.

We now present a mathematical model for a semiconductor diode. In the

commonly used small-signal applications of semiconductor diodes, two types

of operations are encountered: (1) forward-bias (e.g. mixers); (2) reverse-

bias (varactor converter).

In the forward-bias operation, the primary nonlinearity is a memoryless

nonlinearity given by

I I sexp(qV/nkT) 1)(1)
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where n is the ideaLity factor for the diode. Then for the forward-biased

diode with a small-signal input, we can write eqn. (1) as:

D + i d = Is [exp(qVD/nkt)exp(qvd/nkT) - 1) (2)

where ID and V D are the bias current and voltage, respectiveLy, and id and

vd are the incremental current and voltage. For (qvd/nkT) < 1, we have a

convergent Taylor series for:

exp(qvd/nkT) q vd=s

Substituting (3) into (2) and approximating

ID Is xp q- VD I exp qV,

D = nT J nkex

we obtain the following:

ID  v2 ID  3

D nkT d 2! nkT d 3! nkT d(

which is in a form suitable for analysis on PRANC.

In the case of the reverse-biased diode, the primary nonlinearity is

the nonlinear junction capacitance C(V), where C(V) is of the following

form:

C(V) - C(O) (5)

El -V4

where C(O), *, and k are generally specified by the manufacturer.
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The charge stored in the capacitor of eqn. (5) is:

V

Q(V) =f C(v) dv

0
C(O) (6)

(k-i) [I - V/](k-1)

Expanding eqn. (6) into a Taylor series yields:

(~V)kv 2 k~k+l)v 3
Q(V + v C(Vc ) - + v + + -Vc + (7)

c c (k-i) c 2!(F-V 3! 2

The incremental capacitor current is the change of total charge with respect

to time. Since V is a constant, we getc. F

dv kC(V ) dv2  k(k+1)C(V )
dQ c dt + c c + )c d 3

I T!$- )( ++2 V

c t c" =  2!(€-V ) dj t 3!(_V c  7t" Vc+*()

Equation (8) is the mathematical model of the incremental nonlinear capaci-

tance current. The first term is a linear capacitor of value C(Vc) , and the

term in vn represent the nonlinear capacitive terms. Again, note that eqn.
c

(8) is in a form suitable for analysis on PRANC.

The models for other nonlinear devices, such as transistors, JFETS, va-

cuum tubes, etc., can be found using the same kind of an approach.
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